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SYNOPSIS 
Hybnd composrtes are attractiVe engineering materials due to the potential cost 
savings which can be achieved by partial replacement of more expensive types of 
reinforcement. Further interest in these materials surrounds the possibility of achieving a 
more desirable balance of certain mechaniCal properties in order to obtain an overall 
material performance that cannot be realised by systems containing only one type of 
remforcement. 
The major objective of this work was to achieve a better understanding of the 
compressive behaviOur of both thermoplastic and thermosetting matrix, hybrid 
composites In seeking to ach1eve this object1ve a number of subsid1ary objectives were 
set: 
i. To ach1eve a better understanding of the effect of the matrix type on the 
compress1ve properties of umd1rectional hybrids. 
li. To determine 1f a positive hybnd effect is apparent in unidirectional 
hybrid composites 1n compression and tension for both thermoplastic 
and thermosetting matrices. 
i1i. To establish the effect of f1bre orientation on compressive and tensile 
properties of thermoplastic hybrid composites; 
1v. To establish the effect of the relative carbon fibre volume fraction on the 
bidirectional compressive and tens1le properties of thermoplastiC hybnd 
composites. 
v. To establish the effect of the stacking sequence of bidirectional 
laminates on the compressiVe and tensile properties. 
v1. To evaluate the use of existing theones when assessing the compressive 
propert1es of unidirectional and bidirectional hybrids, and to evaluate the 
methods assoc1ated wrth modelling the compressive response of hybrid 
materials. 
lnterply symmetncal hybnds consisting of a thermosetting or thermoplastic 
matrix were prepared reinforced wrth E-glass and/or carbon XAS fibres. The individual 
layers in the case of the thermosetting hybrids consisted of a Ciba-Geigy F1bredux 913 
epoxy res1n prepreg. The thermoplastiC hybnds consisted of a Phllhps Petroleum Avtel, 
polyphenylene sulphide resin. 
A series of experiments was earned out to obtain the most surtable compression 
moulding cycle for the thermoplastic matrix composites. The effect of moulding 
thickness, temperature and t1me were related to general mechanical properties. 
Analytical techniques used for qualny control measurements were adapted where 
poss1ble. After lam1nate production, cutting tnals were earned out for the thermoplastic 
matrix composites 
The compressive properties of unidirectional thermosetting matrix hybnd 
composrtes were Investigated and similar lay-up confiQurations were analysed for 
composites composed of a thermoplastic matrix. The main area of investigatiOn was the 
influence of the stacking sequence wnh particular attentiOn was paid to the effect of 
placing the h1gher modulus carbon f1bre reinforced layers in the outer layer(s). 
The compress1ve behaviour of crossply (bidirectional) thermoplastic monofibre 
and hybrid composrtes was studied. Particular atterrt10n was paid to the stacking 
sequence, f1bre orierrtat10n and the proportion of carbon f1bre. Tensile tests were carried 
out on all the thermoplastic matnx composne lay-up conf~gurations to establish 1f similar 
trends to those observed in compressiOn ex1sted. Where possible the measured values 
were compared wfth Laminate Theory predictions. Addrtional investigations were made 
regarding the use of FEA modelling w1th NASTRAN and LUSAS. 
The 1nterlaminar shear strength, ILSS, was determ1ned for all monof1bre 
reinforced composite systems. 
Post-failure examinatiOn of compression failed samples was earned out to 
establish the final fa1lure mode. The fracture surfaces were studied using scanmng 
electron microscopy, SEM. Post-failure examinatiOns of polished samples were carried 
out using optical microscopy techmques. 
ii 
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For unidirectiOnal interply hybrid composrtes the rule of mixture, ROM, was 
found to be an acceptable model to predict the secant modulus of hybrids wrth both a 
thermosetting and thermoplastiC matrix. 
For the thermoset matnx composrtes the rule of mixture g1ves an acceptable 
prediction of the compress1ve failure stress of unidirectional hybrids. However, for the 
thermoplastic matrix composttes the rule of mixtures predictiOn was regarded as the 
upper bound. In terms of the compressive failure stress all thermoset matrix composrtes 
exh1btted a positive hybrid effect. For the thermoplastiC matnx composrtes both positive 
and negative hybrid effects were observed whiCh depended on the mode of loading, the 
stack1ng sequence and the relatiVe carbon f1bre volume fraction, clldcllt· The magnttude of 
the hybrid effect was greater for umd1rectional hybrids if the carbon fibre reinforced 
layers were sandwiChed between glass f1bre reinforced layers Also, the magnttude of 
the hybnd effect increased wrth increasing glass fibre volume fraction (low clldc!IJ. The 
dependence of the failure stress on the stack1ng sequence in thermoplastiC matrix 
composttes was behaved to be influenced by the fracture tougness of the surface layers. 
The resutts for monof1bre and hybrid bidirectionallam1nates were compared wtth 
the resutts obtained from Laminate Theory where poss1ble. In most cases reasonable 
agreement was obtained wrth the theoretiCal predicted property. 
The tensile and compressive secant modulus and failure stress decreased when 
increasing the number of transverse layers in a bidirectional laminate because of the 
h1gh ratio of longrtudinal to transverse property. 
Replacement of the low modulus type of f1bre by high modulus f1bres resutts 1n 
an 1ncrease in the tensile propert1es. The increase in compressive properties was 
dependent on the stacking sequence of the bidirectional lammate For glass fibre 
reinforced crossply laminates the enhanced failure stress observed when placing the 
longitudinal reinforced layers on the surface was believed to be due to the crack arrest 
behaviour of the failed transverse layers. The contrary was noted for carbon fibre 
reinforced crossply lam1nates where it was thought that stress relief near the end-tabs, 
caused by transverse ply cracking, resutted in the observed enhancement of the 
compressive failure stress. 
ui 
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For both matnx systems studied fmal compressive failure of the glass and 
carbon f1bre reinforced laminates was by the format1on of kink bands. The glass fibre 
remforced laminates also exh1brted signs of long1tud1nal sphtllng. Unidirectional hybrids 
failed in a similar manner to the monof1bre reinforced laminates Failure 1nftiation 
occurred near the end-tabs at a free boundary because of the stress concernrations 
generated in thiS region. As failure was by micro-instability ft occurred at an area of least 
lateral support, i e at a free boundary. 
Fractographic analysis of failed crossply compression samples showed 
delam1nat10ns at the interface where the fibre oriernation angle changed. The 
longitudinal layers failed by kink band formation, whereas the transverse layers failed by 
shear at an angle of 45 degrees to the load1ng ax1s. 
iv 
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CHAPTER 1 : INTRODUCTION 
Anyone who thinks they are using novel, state of the art materials when dealing 
wfth composfte materials has got ft completely wrong; f1bre reinforced composftes are not 
the new hi tech matenals we th1nk they are. The oldest man-made composne was 
probably the mud hut, constructed from straw reinforcement w~h mud as the matrix. 
Going back further wood, atthough naturally occurring, is probably the oldest composite 
matenal; being composed of linear cellulose molecules embedded 1n a hgnin matrix 
However times have changed and nowadays most people understand by compos~es 
high strength, high modulus and low denSity f1bre reinforced matenals, but even this IS 
not a new idea. 
Consider the bow and arrow. The ong1ns of the bow can be traced back 30,000 
years and complete bows 8000 years old have been found<1>. Now this may seem 
Irrelevant but these bows were made from wood, a natural compos~e. and in such a way 
as to be a hybrid compoSite. High strength elastiC sap wood was used for the ~er 
tensile surface while h1Qh modulus heart wood was used for the compressive surface of 
the bow. As1an bow makers are thought to have developed the f1rst true hi tech 
composfte structures, bows, some 5000 years ago. Developments led to a bow wh1ch 
used adhesives from hides and fish bladders to glue animal s1new to the back of a 
wooden core and horn to the front. Sinew g1V1ng it high tensile strength, being 
approximately four t1mes stronger than wood, and horn a h1gh compressive strength. 
This allowed the use of shorter bows which did not have to be unstrung as did their 
European counterparts. Therefore 1! could be sa1d that the first true man-made h1Qh 
performance composfte structures are between 3000 and 5000 years old 
In the twentieth century similar principles are still apphed and compos~es 
represent a rapidly grow1ng class of matenals. The term advanced composftes in this 
context is used to descnbe a class of materials consisting of high performance fibres 
embedded 1n a resin matnx. Composite technology revolves around how much of the 
f1bre strength can be Incorporated ~nto the actual end product. In most cases the 
reinforcement will bear the majonty of the load as the matrix has but little st1ffness and 
mainly keeps the fibres in place and protects them from damage. Even when these 
fibres are very strong and st1ff along the f1bre axis they only contnbute when the stresses 
acting on the structure can be transferred to them. In this process the fibre-matrix 
1 
Interface plays a vital role as the stresses acting on the matrix are transmitted to the 
f1bres across this interface. The interface is specific to each f1bre-matrix system. The 
overall compos~e performance depends on many factors such as : length of the fibres, 
fibre onentat1on, f1bre volume fraction, the f1bre-matrix interface, type of f1bre and matrix. 
In the past these compos~e systems were mainly based upon thermosetting 
matrices of which the structural epoxies were the most widely used Now interest is also 
being shown in thermoplastic matnces as some thermoplastics offer add~ional 
advantageous properties compared to thermosetting matnces. Typical advantages may 
be toughness, moisture-degradation resistance, heat resistance and shorter production 
cycle times. However, cont1nuing research in the field of ex1sting thermosetting 
matnces, the h1gh cap~al already mvested in thermosetting processing equ1pment and 
the lack 1n many cases of comprehensive processing and performance data for 
thermoplastic matrices w1ll probably lead to a caut1ous introduction 1n structural 
applications 
The most frequently used fibrous reinforcements comprise glass f1bre, various 
types of carbon f1bres, aramid (Kevlar) and to a lesser extent boron fibres<2l. These 
reinforcements can be supplied as continuous filaments or woven fabrics. Often the 
fibrous material is pre-impregnated wrth the resin to produce prepreg tape making the 
manufacture of compos~e parts easier and cleaner. The most widely used f1bre type in 
load bearing applications IS glass but the main drawback of glass is ~s low st1ffness 
compared to carbon f1bres. Therefore adequate stiffness may not be achieved simply 
wrth glass fibre as the reinforcement. Where a high st1ffness component is required wrth 
no spec1al reqwrements in terms of for example impact resistance, carbon fibre 
reinforcement may be used. Where intermediate properties are required a blend of fibre 
types may be used. The incorporation of more than one type of reinforcement or the 
incorporation of an ISOtropic matenal in a f1bre reinforced system IS often descnbed as 
hybrid1sat1on. The choice of the addrtional material is to compensate for the deficiencies 
in the existing compos~e system By using hybrids ij should then be poss1ble to obtain a 
balance between mechanical properties and cost in order to achieve the desired design 
crrteria. Ideally the concept of hybrids IS based on taking advantage of the most desirable 
properties of the Individual constrtuents. Hybnd1sation can be advantageous when 
attempting to improve the fracture toughness, impact resistance and when mod1fying the 
general failure mode. 
2 
For example in the latter case incorporation of a h1gher stra1n at !allure !1bre may avoid 
bnttle fa1lure usually associated wrth a carbon f1bre reinforced system. This may be 
ach1eved for example by add1ng lower oost glass f1bres into a carbon hbre reinforced 
system. Ideally the concept of hybnd1sat1on should make 1t poss1ble to ta1lor the 
properties to suit a specific apphcat1on. 
Within a hybrid the remlorcemerrts can be arranged as intraply ('zebra') or 
interply (layered or core/shell) or as super-hybrids<3·4·5l. lnterply hybnds consist of 
individual layers wrth a specd1ed type of reinforcement whereas in intraply hybrids the 
different types of reinforcemerrts are mixed wtthin the same layer. Super-hybrids consist 
of fibre reinforced plie~ wrth metalfo1ls stacked between certa1n laminae. 
Hybnd1sa110n can lead to synergistic effects; this IS referred to as the hybnd 
effect In terms of the failure strain a poSitive hybnd effect in th1s wor1< is defined as a 
!allure stra1n enhancement in comparison to the failure strain of the lower elongatiOn 
component. Regarding the la1lure stress a posrtive hybrid effect is assoc1ated wrth failure 
at a stress level greater than the stress corresponding to the failure strain of the lower 
elongation componerrt. 
ResuHs obtained for unidirectiOnal oomposttes are often compared wrth the rule 
of mixtures pred1ct1on due to rts s1mplic1ty and ease of use. With the rule of mixtures a 
compostte property is defined as the sum of the loads earned by the matrix and the 
remforcemerrt. The mult1-direct1onal propert1es are 1n most cases predicted from the 
elastiC properties of the unid1rect10nal laminates assuming that an IndiVidual lamma 
behaves in the same manner as a unld1rect10nallaminate (Laminate Theory) . AHhough 
these theories are rather empirical and based on a large number of assumptiOns and 
idealisations, which are often not encourrtered in practice, they do form a basis upon 
which to prediCt mechanical properties. On the other hand the finite elemerrt models 
can be used but are more elaborate and not always as straightforward. 
3 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Thermoplastic matrix composites 
2.1.1 Comparison of thermoplastic and thermoset matrix materials 
Production curing cycles for thermosetting systems can be elaborate and 
long<6·7·8·9•10>. In some cases the curing cycles can exceed SIX hours and postseuring 
may be requ1red to obtain a fully cured product. ThermoplastiC composrtes often requ1re 
shorter fabrication cycles but demand higher moulding temperatures and pressures. 
Therefore these materials are often restncted to long product1on runs. Moulding of 
thermoplastic matrix composrtes involves consolidation of the Individual laminae 
whereas for thermosetting composrtes a chemical reaction, cunng, takes place. Semi· 
crystalline thermoplastiCS requ1re moulding temperatures higher than the1r meking po1rrt. 
Often the manufacturer's size on the glass f1bre can be prone to thermal degradation at 
the meking temperature of some h1gh performance thermoplastics and this is st1ll subject 
of further developmerrt<2• 11 >. Even the organic aram1d fibres seem to be affected at the 
high product1on temperatures, often resuk1ng in discolourations(12l. 
Most thermoplastic matnx prepreg systems are st1ff and boardy exh1b1ting no 
tack, makes handling and the lay-up of complex parts d1flicu1t<13l. However hybnd 
yams<14l seem to provide the solution to this problem. ThermoplastiC composite prepregs 
exhibrt an indef1mte shelf-life and do not require any special storage conditions as 
corrtrasted to thermosetting matnx prepreg systems which need to be stored below room 
temperature This also implies that the t1me for laying-up parts is limited. 
Theoretically the f1bre weight per unrt area and f1bre positiomng can be very 
accurately controlled 1n thermoplastiC re1nforced systems as there is no bleed out' of 
resin and little 'f1bre wash' during processing<15>. 
For thermoplastic composrte systems there is the poterrtial to repair fabrication 
defects by remelting, reforming and recovering unused material whereas for thermosets 
the shape is fixed alter the cunng stage. Several alternative processing techniques for 
thermoplastic matnx composites are available. However, more work is required to 
prove the practicality and econom1cs of new fabrication techniques<16>. 
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The mechanical properties of epoxy thermosetting matenals do not deteriorate to 
a great extent up to 1so•c. Consequently in terms of replac1ng thermosetting 
compoSites, high performance rather than commodity thermoplastics which possess 
service temperatures in the same range or higher than the epoxies currently in use must 
be considered. Table 2.1 lists some high temperature thermoplastiCs with their glass 
transrtion temperature and meRing temperature. At higher temperatures the glass 
transition temperature limits the serviceability of the composite as a structural material 
aRhough some st1ffness and strength is reta1ned in the case of semi-crystalline matrices 
above the glass tranSition temperature depending on the degree of crystallinity<2l. 
At room temperature the f1bre dominated mechanical properties of 
thermoplastiCs and thermosetting f1bre reinforced composites are s1mllar, provided that 
adequate adhesion between matrix and reinforcement IS achieved. The tensile propert1es 
of carbon f1bre remforced composrtes are ma1nly a function of the f1bre volume 
fraction<9l. By contrast the transverse tensile strength, short beam shear strength, and 
compressive strength are strongly affected by the matnx properties<18• 191. 
Thermoplastic composrtes usually prove to be more damage tolerant<2. 9• 20• 211 
and delamination resistant than the traditional epoxy matnces. Most high performance 
thermoplastics show a good interlammar fracture toughness (G1cl (Table 2 2). The 
higher toughness 1mparts a much greater resistance to delam1na110n, th1s be1ng the most 
common fa1lure mode for lammated composrtes. Crystalline thermoplastiCS normally 
exh1brt a better fracture toughness compared to their thermosetting counterparts. 
However, a lot of programmes are underway to develop tougher epox1es. 
The time-dependent properties of most thermoplastiC composrtes are still not 
fully characterised. A lot of research still needs to be earned out on creep and fatigue 
problems. 
Due to their crystalline morphology semi-crystalline polymers are resistant to 
most environments<2-13l. The most common effect of the enVIronment is to plasticise the 
matrix, thereby reducing the maximum service temperature of composites by lowering 
the glass tranS111on temperature. The Influence of room temperature water absorption, 
being the most common environment, is indicated in Table 2.3. 
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2.1.2 Polyphenylene sulphide (PPS) • Polymer chemistry 
Polyphenylene sulphide, PPS, has been produced commercially by Phillips 
Petroleum since 1973 under the tradename "RYTON" by the process of Edmonds and 
Hill<22l. Polyphenylene sulphide is an aromatic sulphide polymer used as a high 
temperature engineering thermoplastic. Polyphenylene sulph1de cons1sts of a 
symmetrical repeat unit of anemallng sulphide links and para-phenyfene groups<23-24·25l 
(Rgure 2.1 ). PPS is produced by the reactiOn of para-diChlorobenzene and sodium 
sulphide m a polar solvent at an elevated temperature according to the reaction shown in 
Rgure 2.2<22>. PPS is a sem1-crystalline polymer and exh1bits a glass transitiOn 
temperature of ss•c and a crystall1ne mening point of 285•c<26l. The nom1nal 
properlles of polyphenylene sulphide are listed 1n Table 2.4. 
An increase 1n molecular weight is noted when heat1ng PPS around the mening 
temperature in an oxygen conta1mng atmosphere. These structural changes are 
complex and involve both chain ex1ens10n and crosslinking whiCh, in turn, affect the 
crystalhnrty, internal morphology, mett v1scoMy and mechanical properlles<27• 28l. 
The primary use of PPS is for electncal components e g. connectors, housings, 
automotiVe parts such as attemator components and engine sensors. Inherent flame 
resistance and resistance towards automotive fluids allows PPS appliCatiOns such as 
valves in fuel hnes, flow meters and carburettor parts<25l. 
2.1.3 Polyphenylene sulphide matrix composite prepregs 
Unf1lled polyphenylene sulphide, PPS, IS not important commercially. All PPS 
products are f1bre reinforced or contam mineral fillers<24l. Prepreg tape contaimng 
contmuous carbon f1bre reinforced PPS was introduced by the Ph1llips Petroleum 
Company in 1984<29>. UnidirectiOnal and woven prepregs using E-glass, IM7 or AS4 
carbon or aramid reinforcements are currently available<30•31l. They are available under 
the tradename "AVTEL". The glass f1bre is supplied both by Owens Coming Rberglass 
Company and PPG Industries. The carbon remforcements are produced by Hercules 
and Kevlar 49 by Du Pont de Nemours<22l. 
The f1bre to res1n ratio 1n the prepreg tape is controlled to ±2% and the fibre 
weight per uM area to ±5 gramfm2. Prepreg thiCknesses are controlled to within ±26jUll 
for prepreg tapes less than 260 jUll thick<12l. 
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The PPS matrix IS characterised by good solvent, chemical and electrical resistance 
and Inherent flame res1stance. Due to the sem1-crystall1ne nature of the PPS matrix, 
good elevated temperature properties and better environmental resistance are observed 
despite the lower glass transitiOn temperature 1nherent to pps<26>. The main 
disadvantage of PPS is its notch sensrtivity and relatively poor tracking resistance<26•32>. 
Fabncation of f1bre re1nforced PPS laminates mvolves the following three steps. 
Heating the pre-impregnated lam1nae to soften and consequently melt the polymer 
matrix followed by the application of moderate pressure to give the lammate its shape 
and to consolidate or "sinter" the prepreg layers together and finally cooling to solidify the 
formed product. The process1ng conditions are defined by three vanables; temperature, 
pressure and time Previous workers have found no apparent changes 1n the properties 
of PPS moulded composrtes for moulding temperatures between 291·c and 3so·c<33>. 
Applications for reinforced PPS are found in the f1elds : 
• industrial equ1pment, e g housings and internal parts of chemical pumps, valves; 
• a1rcraft components, e g. seat backs, arm rests interior panels and doors; 
• automot1ve components, e g. internal engine parts, suspens1on components; 
• oil field equipment. e.g. submersible pumps; 
• defence eqwpment, e g. instrument and equipment covers, ballistiC armour, helmets. 
2.1.4 Crystallinity in thermoplastic composites 
Process1ng condit1ons affect the crystalline morphology, the degree of 
crystallinity and ultimately the performance of the fimshed product manufactured from 
thermoplastic polymers<6·21 ·24·34·35·36>. In order to optimise the composrte's overall 
performance, control of crystallinity and morphology is essential. Often this is exercised 
by controlling the cooling rate from the meH<37l. 
The rate of crystallisation for PPS shows a maximum around 170-tBo·c which IS 
about halfway between the glass transrtion temperature (ss·c) and the meHing point 
(2ss·c)<38·39>. Quenching moHen PPS g1ves an 'amorphous' polymer with 5 % 
crystallinrty. The quenched sample is not strictly amorphous as is noticeable from the 
d1fference in area between the re-crystallisation peak (heat of re-crystallisation) and the 
melting peak (heat of fusion) 1n d1fferent1al scanning calorimetry, DSC, studies. 
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Heating above 121'C resu~s in a very rap1d crystallisation reach1ng a maximum 
crystallinity of about 65%<39·40> Anneahng PPS samples for two hours at 204 ·c resu~s 
in maximum crystalhmty<38,40l. 
In mouldings of approximately 3mm thickness, a crystalhnrty gradient IS 
developed. In many cases the surface crystallinity can be taken as a minimum, since 
the interiOr of the moulding cools more slowly giVing rise to a h~gher degree of 
crystallimty<40>. Mouldings with low surface crystallinity should be annealed at 204'C. 
Isothermal annealing induces a secondary type of crystallisatiOn showing an 
endothermic peak on a DSC scan at a temperature slightly above the annealing 
temperature<39>. 
Desio showed that glass and carbon f1bres lower the degree of crystallinity but 
accelerate the crystallisation process<34 >. According to Klein PPS mouldings can 
have a degree of crystallinity which vanes from 10 to 60% depending on the thermal 
history. 
K.C. Cole<39l concluded that heating PPS in air at temperatures near rts matting 
point lowers the ult1mate degree of crystallinity and matting temperature. Lee and Talbot 
evaluated the effect of crystalhnrty ranging from 27 to 43%<37l The resutts showed that 
1n this crystalhnrty range the tensile modulus and strength were not affected sigmf1cantly. 
In most cases toughness is the property expected to be most affected by 
variations in crystalhnrty and m1cro-structure<6·15·21 ·31l. For PPS composites the 
1nterlaminar fracture toughness decreased from 0 92 to 0. 76 kJtm2 when the crystallinity 
1ncreased from 5 to 31%. 
Experimerrts earned out on the crystalline morphology of a carbon f1bre 
reinforced semi-crystalline PEEK showed that fast cooled samples corrtain a mixture of 
isolated (homogeneous nucleatiOn) and graphite f1bre nucleated spherulrtes 
(heterogeneous nucleatiOn) whereas, slowly cooled samples show larger fibre nucleated 
spherulites exclusively. The slowly cooled samples had the h~ghest compressive 
strength and the lowest fracture toughness. Annealing resutted in a high degree of 
crystallinity, but smaller spherulrtes, giving properties between the slow and fast cooled 
samples<38,41l. 
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2.2 Thermoset matrix composites 
Epox1es onginate from a class of thermosetting polymers wrth a wide range of 
starting components and resulting charactenst1cs. Depending on the chemistry of the 
res1n and curing agent epoxy res1ns can be produced having a broad range of physical 
and mechamcal propert1es. Atthough relatively expens1ve, 2·3 times more so than 
polyesters, the1r superiorhy becomes apparent 1n terms of toughness, low curing 
shnnkage, good adhesion to many substances and their good res1stance to alkalis, all of 
wh1ch make them the preferred choice in high performance f1bre composhes. No by-
products are formed during the cunng react10n allowing rr10Uid1ngs of superior qualrty and 
d1mensional tolerance<24·42>. 
All epoxy res1ns comain the epoxide, oxirane, or ethoxylene groups. The 
s1mplest members of the series are the condensation polymers based on the reaction of 
b1sphenol A (prepared from phenol and acetone) and epichlorohydrin (Rgure 2 3) 
<43•44•45>. A diglycidyl ester is formed by condensatiOn of b1spheool A whh the epoxide in 
an alkaline solut1on w1th an excess of 2·3 times stoichiometry of the epiChlorohydrin. 
The main curing reactions are the amine/epoxide reaction and the 
anhydride/epoxide react1on The most commonly used cunng agems, the amines, react 
whh the oxirane nngs and are schematically presented in Rgure 2.4. A wide variety of 
mechanical properties can be obtained depending on the number of amino hyd~ens, 
number of epoxide groups per res1n molecule and the supporting structures of each. 
Crosslinking agems (hardeners) used for ambiem cunng may be aliphatic (e.g. 
dlethylenetriamine, triethylenetetramine), cycloaliphatic or aromatic am1nes (e.g. 4,4'-
methylendlaniline, m-phenylened1am1ne) and am1nopolyam1de or dicyandiamide. Higher 
tempertature curing systems often use aromatic am1nes 
2.3 DSC· An Important tool for quality control 
2.3.1 DSC • Thermoset matrix composites 
In differemial scanning calonmetry, DSC, the power needed to maintain both a 
reference (empty aluminium pan) and the actual sample at equal temperatures dunng a 
programmed healing cycle 1s plotted as a funct1on of the temperature<46•47•48>. 
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Cured epoxy resins are amorphous polymers and exhtbh a distinct glass 
transhion temperature (T9) noticeable as an endothermic transhion on a dtfferential 
scanning calonmetry, DSC, scan. The uncured resin (low molecular weight) has a very 
low glass transhion temperature, below o·c<29>. The curing reaction is an exothermic 
process wrth the total heat of reactiOn bemg proportional to the total area under the 
exothermtc peak<49•50>. lt has to be stated that companson of differential scanning 
calorimetry measurements can only be undertaken when the prepreg matenals have 
been stored tn the same environment as the glass transrtion temperature and the onset 
of cure are both affected by humidity and temperature. 
2.3.2 Thermoset matrix composites - Degree of cure 
To determine if a moulded thermosetttng laminate is fully cured the two 
parameters whtch can be examtned are the glass transhion temperature (T 9) and the 
heat of reaction (<~.H). As the polymer cures the glass transrtion increases until a 
maximum ts reached at full cure<49•51 l The extent of the cunng reaction is obtatned by 
comparing the residual heat of reactton of a moulded laminate whh the heat of reaction 
of an uncured sample (Figure 2 5)<52) : 
M/0 -M/1 O"' Degree of cure= (xlO 7o) 
Mlo 
(2.1) 
Determining the residual heat of reaction is not a stratghtforward measurement as it is 
rather difficult to determine the baseline for the cure exotherm accurately due to the 
decomposttion at the end of the cure and the glass transhion prior to the onset. Therefore 
to obtatn quantitative measurements it is important to note both the change in the glass 
transrtion temperature and the enthalpy of the reactiOn. 
2.3.3 Thermoset matrix composites - Ageing 
In general the amount of resin flow tn thermosetting composites decreases with 
increasing age of the resin. Agemg resuHs in an increase in molecular weight, a 
decrease tn curing agent content and a decrease tn the enthalpy of reaction tn 
comparison with prepreg material just manufactured. The degree of resin flow is directly 
proportional to the total heat of reactton of the prepreg<53l. 
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2.3.4 Thermoplastic matrix composites -The degree of crystallinity 
The degree of crystallin~y of semi-crystalline materials can be measured by 
several techmques<40l. FT-IR and X-ray d1ffract1on only measure the surface crystallinfty 
whereas differem1al scanning calorimetry, DSC, is often used to determine the 'bulk' 
crystalllnrty. 
Figure 2.6 shows a typical DSC-trace of polyphenylene sulphide. The exothermic 
peak (aHA) corresponds to the heat of crystallisation<47l The endothermiC peak (aH8). 
corresponds to the heat of fusion. The difference between the two peak areas 
(aH8-aHA) gives the heat of fusion due the original crystallinfty. Knowing the weight 
fraction of the reinforcemem the true heat of fusiOn can be calculated. The degree of 
crystallisation (X") can then be calculated as<34l : 
(2.2) 
The heat of fus1on of 1 00% (theoretiCal) crystalline polyphenylene sulphide (aH100) is 
estimated to be 80 JJg(39). 
2.4 Compressive properties of composite materials 
Several authors have attempted to model the compressive behaviOur of 
compos~e structures. However, most theories only apply to a certain type of matenal, 
geometry and test method. GeneralisatiOn of such theories is very difficult as they do not 
take into account all the poss1ble failure mechanisms that can be encoumered using 
d•fferem compos~e systems and test procedures. 
Compression specimens can exhibrt Euler buckling, shear failure, longftudinal 
splitting, delaminat10n, f1bre micro-buckling and shear cnppllng. Apart from the diverse 
failure mechanisms most theones also do not allow for fibre m1sallgnmem, matrix non-
linearfty, interfacial effects, voids and other defects presem in the laminate When 
considering unidirectional hybrid composrtes the number of theories is lim~ed and are 
often based on the rule of mixtures, us1ng the volume fractions and moduli of f1bre and 
matrix, or s1mllar relationships. The multidirectional properties are 1n most cases 
predicted from the elastiC propert1es of the unidirectional lam1nates assuming that an 
individual lam1na behaves in the same manner as a unidirectional laminate (laminate 
Theory). 
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But, as wrth most other theories these models are empirical: betng based on many 
assumptions and ldealisations which are often not encountered in pract1ce. Predictions 
of the ultimate compressive properlles apply1ng finije element procedures are elaborate 
and difficult to use which often limitS the1r usage. 
2.4.1 Factors controlling composite compressive strength 
Th1s section g1ves a brief outline of the parameters affecting the compressive 
strength of composrte matenals. These factors are not always umque to the composite 
configuration but can be Introduced dunng the manufacturing stage and the actual 
compression test. Important parameters are the f1bre-matnx interface, type of 
reinforcement and the type of composrte matrix. Features such as misalignment of the 
reinforcement and voids introduced dunng the manufacturing stage also affect the 
compressive properties markedly. -The type of compressiOn fixture and sample 
confJguration can also produce d1fferent strength values when test1ng the same material. 
2.4.1.1 Interfacial properties 
The f1bre-matrix interface transmrts the stresses from the matrix to the 
retnforcing f1bres<54l. Improving the compatibility between fibre and matrix affects the 
load carry1ng abil1ty of the composrte, a good Interfacial bond is thus essential<55l. 
Unfortunately, most inorganiC fibres have hydrophiliC surfaces while the polymer 
matnces tend to be hydrophobic, resulting 1n poor Interfacial adhesion. Coupling agents 
are incorporated to improve interfacial adhes1on. The effect of the Interface has been 
stud1ed by several authors 1n the past who all showed that good interfacial properties 
gave a higher composite strength and is more pronounced for h1gh fibre contents<5&60l. 
As stated by Winkel<57l the Interfacial bond between f1bre and matrix is the key 
element to consider when attempting to increase resin dominated composije properties. 
Improvement of the polyphenylene sulphide (PPS) and f1bre interface resulted in a direct 
increase of the 1nterlammar shear strength (ILSS) and compressive strength<57l. Merrall 
stated that a high fibre-matrix bond strength is des1rable to allow stress transfer between 
the matrix and f1bres wijhout debond1ng!61 l. Thermoplastic composnes wnh similar 
matrix moduh to thermosetting composrtes often exh1bn a lower compressive strength. 
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This is not fully understood but according to Johnston and Hergenrother it IS believed 
that one of the reasons contributing to this discrepancy may be the poor Interfacial 
properties of the former<62l. 
Expenments carried out by Martinez<60l show that lower compressive strengths 
are obtained for untreated fibres Curtis<63l concluded that the compressive strength 
increased up to a f1bre surface treatment of 10% of the standard level, alter which the 
compressiVe strength levelled off. The secant modulus measured at a strain of 0.5% did 
not significantly differ wrth the degree of surface treatment. Similar observations were 
made by Madhukarl64l lt was thought that the observed increase was related to an 
1ncrease 1n the interfacial bond strength which reaches a max1mum at a certain level of 
surface treatment and above whiCh there is no further increase of the compress1ve 
strength<63l 
Hayashi and Hancox also showed that the interface had a d1rect effect on the 
compressive strength<65•169l. Hayashi assumed that the f1bres were not perfectly 
straight imtially. He suggested that in compression the convex side of the f1bre pushed 
against the matrix and the concave side exerted a corresponding pull. If the adhesion at 
the interface was poor, separation could take place on the concave side, leading to 
splrtting and ultimately to a buckling Induced failure mechanism. 
According to Greszczuk poorly bonded f1bres debond at fairly low stress levels. 
ThiS reduces the shear modulus and hence the micro-buckling stress of the compos1te 
when compared to well bonded fibres<59l. 
B1fe and Peacock<54l 1nvest1gated the role of f1bre-matnx adhesiOn 1n 
thermoplastic (PEEK) compos1tes. They showed that the property most affected was the 
tensile strength, as good interfacial adhesion gave a good translatiOn of the f1bre tensile 
properties and thus directly influenced the laminate strength<61 l. The compress1ve 
strength was found to be less sensrtive to Interfacial adhesion because, in add~ion to ~s 
ability to transfer stress, the compressive and shear moduli of the matrix played a very 
important role m terms of supporting the f1bres to prevent f1bre buckhng. 
Orringerl58l explamed the lower compress1ve strength obta1ned for unbonded 
f1bres by the shear modulus of the compoMe (Equation 2 4). In the case of unbonded 
f1bres the compostte shear modulus was lower therefore reduc1ng the micro-buckling 
stress. 
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The 1ntertaminar shear test IS often used to evaluate the fibre to matrix interlace 
in unidirectional composrtes of s1mllar f1bre volume fractions, the ILSS increasing when 
1mprovmg the interfacial properties<66>. However in the case of thermoplastic composftes 
interlaminar failure 1s rarely seen and hence li":~its the use of this test when comparing 
d1fferent materials<6•11•15·22>. Often the non-f1bre directional properties, e g. the 
transverse tens1le strength of a umd1rect10nal composHe are stud1ed as they are directly 
affected by the level of f1bre-matrix adhesion as 1t 1s esserrtially this adhesion that holds 
the compoSite together54·67·68>. 
2.4.1.2 Prepreg production 
The sizing and coupling agerrts of glass fibres can be prone to degradation at the 
very high prepreg process1ng temperatures used for thermoplastic composites, leading to 
a f1bre-matnx bond wh1ch is not fully opt1m1sed. This affects the ult1mate strength in a 
negative way<11·12l. 
Turner related the efficiency of the impregnation process to the fibre utilisation 
and interfacial proper!les(11l. He found that the total surface area of f1bres to be wetted 
is inversely proportional to the f1bre d1ameter. Thus large d1ameter glass fibres were 
relatively easier to wet out compared to the h1gh strength carbon f1bres which are smaller 
1n diameter. 
F1bre bunch1ng whiCh resuHs in resin rich areas reduces the res1stance to 
buckling in these areas of the composHe. This affects the compressive strength in a 
negative way compared to a umform f1bre distnbution in a lammate wHh the same 
volume fraction<69l. 
2.4.1.3 Physical properties 
The fibre-matrix bond can be broken by mechanical load1ng or by thermal 
expansion or corrtraction dunng processing as a resuH of residual stresses. This type of 
damage may be reduced by us1ng coupling agerrts of a relatively low modulus. High 
modulus coupling agents can cause brltlle interfacial fracture due to these internal 
stresses<42>. 
A low coefficierrt of thermal expans1on is favourable for all the constituents in the 
composHe as th1s reduces stress concentratiOns thus reducing debond1ng at the fibre-
matrix interlace<61l 
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Differences 1n Poisson's ratio between the f1bre and matrix which lead to differential 
expansion of cross-sections can have a s1milar effect<59l. Debonded f1bres have less 
resistance towards buckling compared to well bonded fibres hence, reducing the 
compress1ve strength. 
2.4.1.4 Compressive testing • Test fixture 
11 is generally accepted that compressive failure is by buckling ranging from 
gross buckling of the entire sample, Euler buckling, to local f1bre micro-buckling. The 
greater the resistance towards buckling that can be provided by the test fixture the higher 
the compressive strength. Several authors noted the dependence of compressive 
strength on the design of the test fixture<70l. Often cornpress1on tests where the 
specimen ends are in d1rect contact wrth the machine platens yield lower strengths<71 l 
Specimen alignment dunng test1ng affects the compressive properties<17•72• 169>. 
Hence, spec1ally des1gned mount1ng jigs for compression f1xtures, such as the IITRI, to 
improve spec1men alignment can lead to an increase 1n the compressive strength. 
Rehfield also mentions the Importance of alignment in order to control load eccentricfty 
and the resulting bend1ng moment whiCh may cause premature fallure<73l. Loading 
eccerrtncities m1ght be one of the factors contnbuting to the apparent weakness of 
lam1nates in compressiOn compared to tension<63>. Lee pointed out that in order to 
reduce poss1ble misalignmerrts a close control of the bond-line thickness of the end-tabs 
is required to ensure that the end-tab surfaces are flat and parallel to a high 
tolerancel74-75l. Even the use of packing shims inserted in the test1ng machine to ensure 
that the platens are parallel may be helpful. 
P~ggott and Harris found an mcrease in the matrix yield strength and modulus for 
h~gher mach1ne testing speeds<76·77l. However, they concluded that the testing rate did 
not seem to be important, as the 1ncreases in strength and modulus of the resin are too 
small to affect the composrte compressive strength s1gmficant1y. 
2.4.1.5 Specimen dimensions 
Considering the column buckling stress of an anisotropic material1t can be seen 
that the thickness is proportiOnal to the buckling stress (Equation 2.12). From 
experiments carried out on the effect of gauge-length it became obvious that specimen 
length was cnt1cal and had to be kept well below the length that Induced Euler buckling. 
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Increasing the gauge-length decreased the compressive strength and could result in 
premature fa1lure<17•78•79•169l. Accord1ng to Seldensticker buckling can be inh1brted by 
reducing the gauge-length in the case of thermoplastiC matrix composrtes consequently 
altering the compress1ve properties<80l. Scobbo and Nakaj1ma found that a smaller 
gauge-length gave higher modulus values<81 l. For small gauge-lengths premature failure 
can result from high shear stresses and a non-un1form stress d1stnbution generated near 
the end-tabsl71 l. Shear stresses generated at the step between end-tab and gauge-
length can cause tab debonding on compression loading. Th1s 1ncreases the 
unsupported length and hence reduces the stress to inhiate buckling(73•82•83>. 
2.4.1.6 The type of reinforcement 
Leeser concluded that the type of f1bre (AS4, IM6, IM7), when us1ng the same 
thermoplastiC matrix (APC-2), had no apparent effect on the compressive strength<84l. 
Expenments earned out by Greszczuk showed an increase in compressive strength whh 
the Young's modulus of the f1bres<59l. P1ggot and Hams 1nvest~gated the effect of the 
f1bre type at a constant f1bre volume fract1on of 0.3<76>. There appeared to be no marked 
d1fference 1n the experimental results obtained from glass and carbon f1bre remforced 
samples. Kevlar remforced composhes on the other hand seem to be relatively weak 1n 
compression<76l. Kevlar reinforced composhes appeared to be qurte ductile, having a 
d1stinct yield point whereas, the glass and carbon f1bre composhes failed in a brrttle 
manner. 
Norrta and workers showed that for f1bres wrth a low shear modulus or high 
anisotropy (rat1o of the tensile modulus to the shear modulus) low f1bre compressive 
strengths and hence low composrte compressive strengths were obta1ned<85>. The latter 
was seen wrth polyethylene, Kevlar and prtch carbon f1bres. Boron and alummium f1bres 
having a lower amsotropy gave h1gher compressive strength values. However, in the 
case of boron and aluminium f1bres the effect of the f1bre d1ameter cannot be 
disregarded. Their larger f1bre diameter might enhance f1bre alignment dunng composite 
manufacture hence reduc1ng 1mtial f1bre curvature resulting 1n an 1ncrease in the 
composhe compressive strength<58·59·85·86>. Expenmental work carried out on the effect 
of the f1bre compressive strength showed that composrtes produced from f1bres that 
exh1brt a low compressive strength also gave a low composrte compressive strength<60l. 
However; higher f1bre strengths were not fully translated into the compos1te<85>. 
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For compression failure occumng by instability an increase in f1bre d1ameter can 
delay f1bre 1nstabllrty, and as such improve the compressive strength<60>. 
P1ggott and Harns found that the compressive stress IS proportional to the f1bre 
volume frac110n<76·77). However, this hnear relationship IS not preserved for higher fibre 
volume fractions. AI h1Qher f1bre volume fractiOnS the compress1ve strength levels off 
and starts to decrease as the volume fract1on IS further increased. According to 
Cordova a max1mum fibre loading is reached after which properties start to deteriorate 
due to an insufficient amourrt of resin lead1ng to a poor f1bre-matnx bond and inadequate 
f1bre d1spersion<87) Ewins and Hancox also observed a hnear relationship when test1ng 
high modulus (HM) and high tensile (Hn carbon f1bre reinforced composnes, for f1bre 
volume fract1ons ranging from 0 3to o.ss<88·169>. 
2.4.1.7 The resin modulus 
The compressive strength of the composrte is dependerrt on the ability of the 
matrix to suppress buckhng. F1bre buckhng w1ll be inh1bned to a greater or lesser extern 
depending on the resin modulus. This dependence of the compress1ve strength on the 
res1n modulus has been noted by several authors<89l. Merrall and others all stated that rt 
is des1rable to use a matrix wnh a high modulus 1n order to preverrt buckling<63·81·89>. A 
buckling induced failure becomes even more evident wrth low modulus fibres in a softer 
matrix. Merrall also pomted out the benefrt of using a h1Qh strength matrix to ensure 
stress transfer between fibres w1thout matnx fa1lure<61>. 
Factors which reduce the modulus, e g. water ingressiOn, temperature 1ncrease 
etc. will uHimately affect the compressive strength<s9.69.66.90·91 >. 
Th1s irrter-dependence of matrix modulus and compressive strength is not as 
pronounced in tensiOn where the role of the matrix is merely to provide of a medium for 
load transm1ssion. Hahn and Wllliams found in their experimerrts that the composne 
compressive modulus was more dependent on the resin modulus than was the tensile 
modulus<89>. The resin modulus also had a much greater effect on the compressive 
strength than on the compress1ve modulus. 
Piggott and Harns studied the effect of varying the degree of cure between just 
gelled and fully cured thermoset11ng matrix composnes on the matrix moduli and 
strengths<76l They looked at pultruded rods wrth a f1bre volume fraction of 0.3 us1ng a 
polyester matrix. 
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They found that the compressive strength was strongly affected by the matrix properties, 
the compressive strength increasing when the matnx yield strength was increased. For 
soft matnces the compressive strength followed a power relationship. When the matrix 
yield strength exceeded a cnt1cal value the strength levelled off (0 31 f1bre volume 
fract1on) or decreased (0.55 fibre volume fraction). This change was attributed to a 
change from matnx to interface control. The dependence of the compressive strength 
on the interfacial properties was discussed at the beginning of this chapter. They also 
found that the composrte strength was Similarly related to the matrix modulus. 
Ewins found that the compressive strength was 90% of the tensile strength when 
the failure was by shear<88>. Port and Woolstencroft found that this was only 60-70% 
when the failure mode was by micro-buckflngC92l. The relationhip between failure mode 
and difference in compression and tensile strength was however not found by Parry and 
Wronsk1C70l 
Hahn and W111iams found that the tensile modulus was higher than the 
compress1ve modulusC89l They suggested that thiS is partly because of the lower fibre 
modulus encourrtered in compression Also, during tensile testing the f1bres are self-
aligned, often referred to as strain hardemng, along the test direction whereas Initially 
imperfectly ahgn~ f1bres w1ll grow in number during compression testing. 
When supenmposmg the res1n shear modulus and compostte compressive 
strength as a function of temperature, a strong dependence was found between the resin 
shear modulus and compressive strengthC88·93l. A transttion from shear to a micro-
buckling mode of failure when increasing the temperafure was associated wtth a sharp 
decrease in the res1n shear stiffness. Consequerrtly the d1fference 1n failure mode at 
room temperature observed between the two different epoxy matnces used was 
explained by the large d1fference in the shear moduli The effect of resin properties upon 
failure mode was also noted by GreszczukC59•90•91 •94>. Guild postulated that the increase 
of the compress1ve strength wrth increasmg shear modulus (for a constant Young's 
modulus) may arise from a decrease in Po1sson's rat10 (Section 2 7.2.1 )C95l 
Morley proposed that for composttes wrth a high fibre volume fract1on the 
compressive strength was proportional to the shear modulus of the matrix. This 
dependence was already Incorporated 1n Rosen's (Section '2.4.3.2) first attempts to 
model the compressive behaviour of composite materialsC94•96>. 
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The dofference on the compressive strengths of thermoplastic and thermoset 
matrix composrtes os partoally attnbuted to the matnx shear modulus<74>. lt was also 
suggested that fibre damage, fobre misalignment or the fibre-matnx Interface were 
contnbutory factors which explained the observed discrepancy <62>. 
The effective usage of graphrte f1bre strength was found to depend on the matrix 
modu Ius. In the case of a high modu Ius matrix a better translation of the f1bre strength 
into the actual composite was found<59>. Merrall stated that the use of a high strength 
matnx is advisable to ensure stress transfer between the fibres without matrix failure 
upon loading<61l 
2.4.1.8 Internal defects 
The effect of f1bre m1salignment on the compress1ve strength was stud1ed by 
Wismorn<97l. Small misahgnments can ansa at several stages . manufacture of the 
laminate (especially for wet lay-up), cutting of the test spec1mens or alignment wrthin the 
test fixture, or even defects existing wrth1n the prepreg tape as bowed or m1sahgned 
fibres. Some fibres may be preferentially onented so as to eas1ly buckle under 
compressive loads. Orringer attnbuted the greatest reduction in strength to firstly bowed 
f1bres and then misaligned fibres<56>. The overestimation of Rosen's theory has often 
been attnbuted to imtial fobre curvature. F1bre misalignment IS often d1ff1cult to avoid. 
Small f1bre m1sahgnments, of less than one degree between the loading ax1s and f1bre 
directiOn, have a marked effect on the compressive strength<97l. A s1mllar observation 
was made by Manders in the case of tensile testing<98>. Low composite strength and the 
h1gh variability experienced wrth compressive testing might then be explained to some 
extent by these small misalignments<97l The Importance of f1bre straightness has also 
been pointed out by Martinez and others<69.77,94,99) 
Hancox stated that voids caused by volatdes ans1ng dunng the curing cycle, from 
residual solvents or by entrapped air, reduce the ILSS of composrtes markedly and 
hence, reduce the compress1ve strength<69•165>. Vo1ds can cause stress concentrations, 
Initiating fracture at the f1bre-matrix interface<5·42·55·100>. Greszczuk explained the 
decrease of compressive strength wrth increasing vo1d content by a reduction of the 
composrte shear modulus<59>. 
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Seldensticker found that delam1nation, due to impact for example, lowers the 
buckling strength of laminates considerably hence reduc1ng the compressive load which 
they are capable of beanng<80>. This was partiCUlarly important in the case of 
multidirectional laminates. 
2.4.2 Types of compresslve test fixtures 
Compressive propert1es have proven to be one of the most difficult to assess 
reliably 1n composrte matenals. To assess the effect of compress1ve loading on 
composrtes three tests are commonly carried out : compressiOn of solid samples, open· 
hole compress1on and compress1on after impact. 
The d1fficuHy w1th compress1on testing IS twofold : 
1. The lack of a umversal test procedure (specimen d1mens10ns, test fixture, 
methods of loading) 
i1. Different fa1lure mechamsms compliCate comparative stud1es of compressive 
propert1es obtained by d1fferent authors. 
In the past a number of different compression j1gs have been developed which 
. 
give substantial differences 1n compressive properties when comparing similar materials. 
Compress1ve fixtures can be categorised 1n the way the compressive load is applied. 
Three categories can be d1St1ngu1shed : End loaded specimens , shear loaded specimens 
and a combination of shear and end loaded. Another type is the sandwich beam 
compressiOn test, yielding data s1milar or slightly h1gher than the shear loaded 
specimens<73.1 01, 167) 
Many comparative stud1es have been performed to compare new methods with 
adopted standard methods<101·104>. However, there is still a need for a compression test 
method or fixture which would be universally accepted 
2.4.2.1 End loaded specimens 
ASTM 0695 aHhough wrrtten in 1942 for ngid plastiCS has also been applied to 
composites<92•105>. Serrated edges on the fixture face plate prevent the specimen from 
buckling but prevent the use of an extensometer or strain gauges (Figure 2.7). When the 
samples are directly loaded they are often subject to broom1ng and splitting, which is an 
undesirable failure mode, and the obtained compressive strengths are rather low. 
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In addnions, the measured crosshead displacement does not accurately reflect the strain 
in the specimen For these reasons, this fixture has been subject to several 
modifications to allow for strain measurement, a d1fferent specimen shape, the use of 
end-caps to prevent broom1ng and the use of spec1al support fixtures to maintain 
specimen alignment with the load ax1s. AdaptatiOn of the specimen support was by the 
use of a smooth faced support whiCh was PTFE coated to reduce fnctional effects. This 
idea was also adopted when desigmng anti·buckhng guides. Resutts from comparative 
tests Indicated that the compressive strength from thiS fixture was lower compared to 
other methods and n 1s no longer recommended for use in design calculations<18•167l. 
2.4.2.2 End loaded and shear loaded specimens 
Purslow and Colhngs used a coupon spec1men as shown in Rgure 2.8, wnh the 
load be~ng applied to the alum1n1um blocks<106). lncreas1ng the shear transfer length 
decreased the compress1ve loads applied at the ends These samples were also waisted 
1n the unrestrained region to induce failure preferably in the mid plane of the sample. 
Such specimens were t1me consum~ng to prepare and it was very important that the end-
blocks were properly aligned to avoid sample misalignment. ComparatiVe work to 
determine the optimum compressive sample configuratiOn was carried out by 
Woolstencrott<92) From the expenmental resutts and f1mte element analys1s data 
obta1ned for each of the compressive test techmques in question, the RAE spec1men 
produced the best resutts. 
Another often used fixture 1n th1s group was the Wyom1ng end loaded Side-
supported compressive fixture, as shown in Rgure 2.9, which is an easy to use 
fixture<72). The shear load IS Introduced by adjusting set screws but in contrast wnh the 
previous example the untabbed spec1men ends are 1n direct contact with the machine 
platens. This fixture prevented sample buckhng and brooming and splitting of the 
specimen ends. However, according to Wung, crush1ng of the specimen end occurred, 
leading to low composite strengths<71). Care was needed to avoid contact Imperfections 
between the sample and loading platens as this could cause stress concentrations. 
These local stress concentrations together with generated transverse stresses near the 
specimen ends, due to local restra1nt, could lead to premature failure at specimen ends 
(brushing). 
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2.4.2.3 Shear loaded specimens 
In the literature the shear loaded test methods are more widely recommended 
than the end loaded test methods. The most common shear loaded test methods are the 
mod1f1ed Celanese fixture and the IllinoiS lnst~ute of Technology Research Institute 
method (IITRI)<107l. In 1975 the Celanese test fixture was adopted as the ASTM 03410 
method to determine the compress1ve properties of umchrect10nal and crossply 
lam1nates<108>. The IITRI is now also a recommended ASTM method<108l. In the 
Celanese test fixture (Rgure 2.1 0) alignment is maintained by the outer cylinder which in 
turn f1ts closely around tapered sleeves hold1ng the spirt comcal collet grips which hold 
the sample and are ahgned by guide pins. This cyhndncal shell also provides a support to 
restrict lateral movement The collet gnps increase their gnp as the load is 1ncreased on 
the specimen. Serrated edges facing the tabbing matenal prevent the specimen from 
shpping. Several authors encountered problems when testing samples wrth varying 
thicknesses as hne rather than surface contact was established between the conical 
surfaces<101•109l, at opposrte sides of the spec1men, which could lead to rather high 
apparent st1ffnesses. 
The IITRI does not experience this problem as it uses trapezoidal wedge grips to 
apply the compress1on load to the tabs. These gnps ensure plane to plane 
contact<72,1°1·109l. A wider range of spec1men thicknesses can be tested by using sh1ms 
between the wedge grips and mating surface. The ITTRI is shown schematically in 
Rgure 2.11. Here the trapezoidal gnps f1t into matching pockets in a steel block. The 
upper block is attached to the load cell. Lateral alignment IS maintained by guide p1ns 
and parallel roller bush1ngs. A mod1f1ed Celanese fixture was developed to overcome 
the problems outhned, by using sh1ms which could be fitted behind the movable serrated 
jaws. Experiments to compare the IITRI and Celanese f1xtures were conducted by 
several authors which resu~ed in higher compressive strengths being recorded for the 
former method. In most cases the IITRI and Celanese test fixtures yield similar resu~s 
and are highly recommended to obtain des1gn data<71·167l 
In both methods the compression load was introduced by shear via long end-
tabs bonded on each compression sample. These end-tabs also prevented brooming. 
The unsupported gauge-length was lim~ed in order to preclude Euler buckling. 
Conversely the gauge-length needed to be long enough to allow a trans~ion of the state 
of stress from shear to compression 
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Also, If the gauge-length is too short Poisson's expans1on will be restricted thus 
suppress1ng lower energy failure modes<74l. Researchers have adopted gauge-lengths 
vary1ng between 13 0 and 125.5mm<74>. 
Another problem assoc1ated wtth both f1x1ures are the stress concentrations 
generated at the tab-gauge length junctiOn, where failure is often intt1ated. Therefore, 
attention has been pa1d to the actual spec1men design. Several authors have studied the 
effect of tapered tabs but found that failure st1ll occurred at the tab/grip JUnction. Curtis 
and workers suggested modifications based on the generation of small delaminations 
near the end-tabs to elim1nate possible stress concentrat10ns<110>. 
A completely d1fferent design is the use of an anti-buckhng gUide<75l. This 
method uses long, supported gauge lengths in comparison wrth the short and 
unsupported test sect1on in the Celanese and IITRI test methods The use of anti-
buckling guides creates condrt1ons nearer to real structures. The anti-buckling gUide 
supports most of the free length of the spec1men and should provide a restra1nt against 
out-of-plane d1splacements<19•111l. They are often treated wrth PTFE to minimise 
friction 
2.4.3 Compressive properties of monofibre composites 
The scatter inherent in compressive test resuHs is assoc1ated wtth the numerous 
failure fTIOdes than can induce compress1ve failure. In compression many failure modes 
have been observed and suggested. Post-fa1lure Identification of these failure modes is 
rather d1ff1cult due to the catastrophic nature of compressive failure. The failure modes 
hsted by several authors include : f1bre miCro-buckling, longitudinal splrttlng, fibre 
compress1ve failure, delam~nations and Euler buckhng. Failure modes can be affected 
by specimen m1sahgnment 1n the test f1x1ure, f1bre misalignment wrthin the specimen, 
voids, moisture and defects in general 
Models to descnbe the compress1ve behaviOur of monof1bre composttes are 
often based on one fa1lure mode and do not take into account 1mt1al imperfections 
present 1n the sample, e g. 1nterfac1al effects, matrix non-linearrty etc.. The majonty of 
these models descnbe the compressive response of unidirectional composttes us1ng 
simple equations. 
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2.4.3.1 Failure modes of composite materials 
• Qelam~natjon 
Delamination is the result of interlaminar stresses that develop in laminae 
because of the mismatch in engineering properties. Delam1nation IS therefore often 
encountered in multidirectional reinforced composrte systems. Delam1nation involves the 
formation of cracks between the lam10ae 1n a layered structure<42·SO,S1l. 
• L.Ono~ydjnal spljttjnQ 
Due to the difference in Poisson's ratio between fibre and matrix, transverse 
tensile stresses develop in the matnx. Although small 1n comparison to the applied 
compressive stress the actual transverse strength is also low compared to the 
compress1ve strength. These transverse tens1le stresses can be s1gmficant enough to 
cause f1bre matnx debond1ng resulting 1n longitUdinal cracks(42.SS,59,69,1 12.113,114l. 
Stress concentrations caused by voids can also contnbute to failures in~1ated in the 
f1bre-matnx 1ntertace and f1bre buckling can cause 1ntertace failure In the case of a 
strong interlace and a duct1le matnx the fibre will fad by bending, such introduced 
eccentnctty can also cause longitudinal splitting. Lee pointed out that it was dlff1cult to 
assess whether the splitt1ng and delam10ations observed in fractured PEEK-carbon fibre 
reinforced composttes were generated before or after failure<74>. Heumann found that 
longitudinal splrtt1ng was predominant in glass f1bre reinforced epoxy and v10yi ester 
reinforced compos~es<115l. 
• Eyler byckUno 
When a composrte fads by bend1ng, tensile and compress1ve stresses are 
generated across the f1bre<69l. Ultimately the carbon or glass f1bre reinforced compostte 
fads 1n a brrttle fashion in the tensile region of the f1bre followed by crushing or a shear 
failure in the compressive reg1on 
• Shear failure 
Compos~e failure by shear is charactensed by a fracture surtace inclined at an 
angle of 45 degrees or higher to the loading ax1s (Rgure 2.12)<114•115·1 16>. Omnger 
stated that in the case of a shear failure this angle is more likely to be between 45 and 60 
degrees<58l 
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Post-failure exam1nation of the fracture surface is often inadequate to distinguish 
between shear cripphng and shear failure. The catastrophic nature of the compressive 
failure event can even displace the f1bres from the kink band randomly across the 
fracture surface, eras1ng the traces charactenstic of the kink band geometry<42>. 
• Shear crjppling 
Shear cnppling IS descnbed by Hahn and Williams as the predominant 
macroscopiC failure mode and is associated w~h f1bre buckling and kinking<42·89>. 
Macroscopically shear cripphng resembles a shear failure show1ng an angular fracture 
pattern relat1ve to the f1bre axis. Microscopically there is evidence of k1nk band 
formation or 1n the case of softer resms, m1cro-buckhng 
· According to Hahn and W111iams compressive fa1lure IS 1n~1ated by kinking of a 
few f1bres The 1mt1al k1nked f1bres then d1srupt the stabllrty of neighbouring f1bres 
resulting in further propagation of the kink band unt1l the structure completely falls. 
Failure 1nrt1ates where the f1bres encounter the least lateral support (e g. at a free 
boundary, where the f1bre-matrix bond IS poor or at voids) or because of stress 
concentrations generated by the test hardware <37,112>. 
• Kjnkband 
1t appears in many papers that buckling IS a preliminary stage of kinking. 
Oescnpt10ns in other papers confuse the srtuation or do not mentiOn a poss1ble 
relationship between the two failure modes and will therefore be treated separately. 
Greszczuk stated that the main difference between micro-buckling and k1nking 
was due to the lateral displacement of the fibres across the failure zone for the latter. 
For micro-buckling there is no relative lateral displacement across the failure zone. Kink 
band formation 1s often descnbed as bemg inrtiated by f1bre bucklmg, fractunng at a 
cnt1cal strain The fibres fractured along two planes and f1bre rotation between these 
planes resulted 1n a typical k1nk band (Rgure 213)<69·37l. Several authors descr1bed 
kinking as a result of m10ro-buckhng which, once 1nrtiated, propagated rapidly across the 
sample(S1 ,86,89). 
Hahn and Wllliams attnbuted the difference between m~ero-buckhng and kinking 
to the number of observed fibre breaks<89>. Macroscopically these are often descnbed by 
shearcripphng 
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Failure in the form of miCro-buckling inrt1ates at a weaker area when the modulus of the 
matrix is low and k1nking ocaJrs 1n the case of a st11fer matrix. They described kink band 
formation in three successive steps: elastic kink1ng, plastiC kinking and ultimate failure 
due to fibre failure at the k1nk boundaries 
As seen in Rgure 2.13 the parameters associated w~h a kink band include kink 
orientation angle (a), kink band angle (Pl and kink length (o'). lt was found that the kink 
band orientatiOn and width were ma1rrtained dunng propagall0n(117l. In most cases the 
kink band angle lay between 20 and 30 degrees. Hahn poirrted out that the kink band 
orierrtat1on had to be measured before ult1mate failure, whereas the kink band angle does 
not change when fin~l collapse occurs(86l. 
The k1nk band in carbon f1bre remforced composrtes is characterised by narrow 
and well defined boundaries w1th the bnttle f1bres fractunng at these boundanes(86.89•117l. 
Multiple f1bre breaks are often noted w1th1n the actual k1nk band geometry. These 
mutt1ple f1bre breaks are thought to be caused by the propagating buckling wave(86l. The 
average length of these f1bre segmerrts is between two to four t1mes the f1bre diameter. 
In glass f1bre reinforced composites the kink band was very broad in comparison to 
carbon f1bre reinforced compoSites. The k1nk band boundanes were difficult to iderrtily 
as they were formed by gradual bending of the glass f1bres or by f1bre yield1ng in the 
case of Kevlar flbres(SSl. 
The deformation in such cases is restricted to a small portion of the gauge-
length(86·117l Several authors did not encourrtervisible damage away from the k1nk zone 
except for a few longltudmal spl~s(80l. Seidenst~eker and Lee descnbed failure of a 
thermoplastiC PEEK resin reinforced w~h glass or carbon fibres as kink band formation at 
a 70 degree angle to the applied load(80·35>. Kmk bands have also been observed by 
Parry 1n carbon f1bre reinforced epoxy composites(70>. 
• Mjcro-byckljng 
Port stated that in currently used materials final failure was by micro-buckling. 
Fractographic studies revealed a stepped surface Port thought that the step heights 
were a muttiple of half the buckling wavelength(93l. 
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For the softer res1ns f1bres can buckle relatively easily in response to the applied 
load, resulting 1n mu~1ple f1bre breaks 1n the buckled region due to the high bending 
strains<118l. Ornnger also stated that micro-buckling was the fa1lure mode if the shear 
modulus of the matrix was low<58l. 
Greszczuk pointed out that the ultimate failure mechanism is not necessanly the 
same as the initial failure mechanism. Reduced fibre support due to interfacial failure 
can for example fac1htate micro-buckhng, or fibre micro-buckling m1ght lead to a kink 
band structure. Final failure will occur when the fibres actually lose their load bearing 
capability. 
Hahn and workers looked at f1bre bundles embedded in different epoxies. They 
observed the same characteristics for the fa1lure of the f1bre bundle as for s1ngle fibres 
embedded 1n the same matrix<118l. Kevlar f1bres fall by kmking and E.glass, alumina, 
T300 and T700 carbon f1bres fail by micro-buckhng The failure zones were localised for 
Stiffer resins in comparison w1th the lower modulus resin. 
2.4.3.2 Micro-buckling models 
Micro-buckling is a w1dely discussed mode of failure in compressiOn. Rosen 
presented the f1rst theory to predict the strength at which fibre miCro-buckling would 
occur~ss,94,1l3,119). He assumed a two dimensional model where each fibre acts 
independently, wrth a uniform f1bre volume fraction and with the f1bres being straight and 
evenly spaced. He distinguished two patterns for fibre buckhng : The extensional mode 
and the shear mode. In the extensional mode f1bres buckled out of phase whereas in 
the shear mode the f1bres buckled 1n phase as shown in Rgure 2.14. Rosen's theory 
assumes umform buckhng of the f1bres throughout the composrte (Rgure 2.14), adjacent 
fibres buckling with an equal wavelength. The buckled f1bres follow a sinusoidal pattern. 
The extensional mode is only Important for volume fractiOns below 0 2 and is therefore 
of no practical sigmficance. The equations to describe the shear and extensional failure 
mode can be wntten as follows · 
• Rosen's theory to assess the micro-buckhng stress for the extensional 
(O'eXlenSional) mode for a large number of buckling waves 
(2 3) ' 
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Where <1>1 : F1bre volume fraction 
~ : F1bre Young's modulus 
Em: Matrix Young's modulus 
• Rosen's theory to predict the micro-buckling stress for the shear mode(as~~ear) 
for a large number of buckling waves : 
G a = ,. 
- 1-c!>, 
(2.4) 
• Rosen's theory to predict the micro-buckling stress for the shear mode for any 
number of buckling waves . 
G 1t2 E1 c)l1 d 1m (J - M + ~ ) 
"""' - 1-c!>, 12 I 
Where Gm Matrix shear modulus 
d1 : F1bre diameter 
m : Number of buckling waves 
I : Compos~e length 
(2.5) . 
A weakness 1nherent in Rosen's theory is that for a fibre volume fraction (<1>1) 
equal to one, the critical compressive strength equals infin~y. Rosen attempted to 
correct th1s fault in his theory, but was not very successful therefore the theory is not 
valid for f1bre volume fractions approaching unrty. Experimentally obtained results have 
been shown to be much lower than the value predicted by Rosen. Therefore, the theory 
proposed by Rosen is often regarded as the upper boundary which is unattainable in real 
compostte structures. 
Models based on the buckling of imtially straight f1bres have been extensiVely 
discussed in the literature. Attempts to improve correlatiOn wtth the experimental results 
involved the incorporation of f1bre curvature, non-linear effects and non-umform f1bre 
distribution. W1snom suggested taking the decreasing shear modulus wrth increasing 
stra1n 1nto acoount<97•120>. Piggott also suggested 1ncorporat1ng the fibre compressive 
strength, especially in the case of fibres such as Kevlar, as well as the strength of the 
f1bre-matrix interface(76). 
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Hahn and Wllhams modified Rosen's equation by incorporating initial curvature 
as well as material non-linearity. They obtained the following relatl0nship<89>: 
. Where Gc : Composite shear modulus 
'Ye : Composite shear strain 
(2.6) 
For non-linear analysis the shear modulus of the composite (Gel is taken as the secant 
modulus at a certain shear strain. The term (fJI) gives an indication of defects initially 
present m the lam1nate If the laminate is free of inrtial defects EquatiOn 2.6 reduces to : 
(1 cntocal = $ f G c (2.7) 
For a composite shear modulus approximated by : 
(28) 
The difference between Rosen's theory and Equation 2.7 is the fibre volume fract1on 
(cll1). Often Equation 2.7 is preferred as it reduces the magnrtude of the overestimated 
compressive buckling stress predicted from Rosen's theory. For weak f1bres (Kevlar 
fibres) the following equatiOn was denved : 
W1th a1 : Fibre flexural strength 
Hahn and Wllhams Incorporated several vanables in their model 1n comparison to the 
two parameter model for shear deduced by Rosen<89>. The otherwise difficult to assess 
parameter fo/1 was deduced by substituting the compressive strength value of one 
composite system 1nto Equation 2. 7. They then used th1s estimate 1n all the other 
composrte systems. 
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Schuerch found s1mllar equat1ons to Rosen<59•94l. In the case of f1bre buckling in 
the shear mode he obta1ned the equat1on derived by Rosen. For the cntical buckling 
stress in the extensional mode he found : 
2cp1 Em 
= ( J3 ) (2.10) 
For practical composrtes (1-<r1)ErJ$1E1 in Equation 2.10 is much smaller than one and 
Equation 2.1 0 reduces to Equation 2 3 of Rosen. Schuerch determined that for the 
following condrtions the shear mode will be predominant : 
cp, >0.2 
Schuerch considered both elastic and InelastiC micro-buckling. 
Chung and Testa denved an elaborate mathematical procedure to determine the 
crit1cal buckhng stra1n<94l. In the case of short buckle wavelengths their initially derived 
equations for the shear and extensional buckhng mode were approximated by a single 
equation: 
( 3Em )2/l 2£m(l-~m) 
= E,(l+~m)(3-cpm) + E,(l+cpm)(3-cpm) (2.11) 
Greszczuk realised that the fibre-matrix bond had a strong influence on the 
compressive strength<94l. Greszczuk derived an equation to assess the micro-buckling 
stress if all f1bres debonded prior to final failure<113l. He performed an experimerrtal 
study on model composttes where he investigated steel fibres wtth d11ferent surface 
treatmerrts and their influence on the compressive strength. 
Greszczuk concluded that the proposed two dimensional micro-buckling models 
are only vahd when modelling ideal compostte matenals but are not appropriate when 
considering real composrtes and should therefore only be used as a f1rst approx1mat10n 
when looking at real composttes<94l. 
Woolstencroft and workers predicted the compress1ve strength of carbon f1bre 
remforcild composttes<121l. They achieved good correlation wtth their theoretically 
obtained resutts. They assumed that compressive failure was by fibre buckhng. 
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The composne was modelled three dimensionally based on the strain energy mvolved 
and the resuhs were combined wrth finite elemem analysis of the composite micro-
structure. 
2.4.3.3 Compresslve models not Involving micro-buckling 
Sincla1r and Cham1s tned to relate the compress1ve response wnh tensile and 
flexural proper11es<83l. Four different equations were obtained to estimate the 
compressive strength wnh each equation represeming a different failure mechanism. 
These can be summarised as follows : 
• Euler buckling us1ng the class1cal fixed-end column equatiOn : 
wr3 
/=-
12 
Where 1 : Second momem of area 
w : Width of the spec1men 
t : Thickness of the spec1men 
I : Unsupported spec1men length 
A : Cross-sectional area of the spec1men 
(212) 
(2.13) 
The unsupported length at fa1lure can be greater than the initial gauge-length due to end-
tab debond1ng. Progressive end-tab debonding decreases the compressive strength 
calculated from Euler buckling theory. 
• Calculating the compressive strength from the flexural strength (a1) and the 
tensile strength (aj assuming a rectangular stress distribution in the beam 
dunng three po1rrt bend1ng · 
CJ 
CJ - I c- 3- (cr J!cr,) 
(2.14) 
• Compressive failure controlled by delam1nation using the interlaminar shear 
strength (ILSS) : 
crc = 10/LSS +2.5cr,. (2.15) 
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Where a,. : Matrix tensile strength 
• F1bre compressive failure (a10) applying a micromechanics approach dominated 
by the f1bre compressive strength : 
(2.16) 
lt is assumed that the compress1ve f1bre strength IS 90% of the tens1le f1bre strength. 
Experimentally obtained strength resu"s from different types of carbon fibre reinforced 
epoxies were compared w~h the equations hsted above to assess the predominant 
failure mechanism. However, scanning electron microscopy (SEM) earned out to study 
the fracture morphology did not reveal significant differences, or relate the fracture 
topology w1th unrque fracture models. 
Gu11d predicted the compressive behaviour based on a comb1nation of finite 
element analysis and spat1al statistical techniques!95>. The finite element analysis was 
applied to calculate the stresses around a singular f1bre which were then l1nked to a real 
compos~e by the use of spatial statistical models which take into account the non· 
uniform f1bre d1spersron inherent to real composite systems. The anisotropic carbon 
fibres were not modelled as an isotropic but rather as an orthotroprc material. According 
to this analysis fa1lure was predicted to be 1nrt1ated in res1n nch areas as buckling is 
facilitated 1n these areas of the composrte. 
2.4.4 Compressive properties of hybrid composites 
Direct comparison of the mechanrcal data obtained by past authors is often 
difficult due to the vanety of matnces, reinforcements, hybrid types, sample 
configuratiOns and test methods used. Also all authors examined a lim~ed number of 
unidirectional configurations. The above points make prediCtions and comparisons of 
the effects of replactng one of the constrtuent components and/or lay-up sequence 
extremely difficult if not impossible. 
Unidirectional hybnds have been studied by a limited number of authors(123l, all 
using a thermosetting matrix. To date no studies have been reported on the behaviour 
of unidirectiOnal or multidirectional thermoplastic hybrid compos1tes. Studies based on 
multidirectional hybrids are limited. They all considered configurations of o•, oo• and ± 
45• wrthin the same lay-up. 
32 
Again only a limfted number of configurations were examined making ft difficult to draw 
conclusiOns about the effect of the 1ndivldual f1bre orientations and material choice on 
the mechamcal properties. The problem inherent to the investigation of multidirectional 
hybrids IS the vast number of lay-up confgurations that are poss1ble usirg different fibre 
orientations and f1bre types. So far only Krets1s and Matthews have tried to model the 
compressive behav1our of multidirectional hybnds us1rg Laminate Theoryl124>. Other 
authors as mentioned later 1n th1s chapter have listed the compressive properties merely 
in terms of material properties when looking at other properties and as such gave no 
further comments about their actual compressive behaviour. 
2.4.4.1 Compressive properties of unidirectional hybrids 
Ladizesky and Ward investigated interply, symmetrical hybrid composftes 
containing an epoxy matnx remforced w~h XAS carbon fibre, Eijlass fibres or UHMPE 
fibresC125>. The general matenal sequence being three layers reinforced wfth UHMPE 
f1bres, three layers re1nforced w~h glass or carbon f1bres and two layers reinforced wfth 
UHMPE f1bres. The remforcement orientations looked at were : Unidirectional laminate 
and an altematirg crossply lam1nate (0/90/0/90/0/90/0). 
Lad1zesky and co-wori<ers gave a qualrtat1ve explanatiOn of the behaviour of 
hybrid and monof1bre compos1tes The compressive strength of the UHMPE f1bre 
reinforced composites was not sens~ive to the f1bre direction in contrast wfth Eijlass and 
XAS carbon fibre remforced composites. They expla1n this as be1rg due to the 
difference between the compressive strength of the matrix and reinforcement. The 
UHMPE fibre reinforced composftes had a compressive strength lower than the matrix 
~self therefore the strength of the composites was mostly due to the res1n 1n contrast w~h 
the other two types of reinforcement where the strength is a function of f1bre volume 
fraction and orientation. The unidirectiOnal strength 1ncreased when us1rg higher 
modulus fibres. 
Altematirg crossply laminate samples cut at 0 and 90 degrees showed that glass 
and carbon f1bre reinforced monof1bre compos~es and UHMPE-carbon fibre reinforced 
hybrids exh1b~ed higher compressive strength values when the outer layer contained 
lorgrtudinal plies. In the case of UHMPE monof1bre composrtes a transverse fibre layer 
on the outer surfaces gave a slightly higher compress1ve strength. 
W1thin a hybrid configuratiOn fa1ture meant fracture of the glass and carbon 
f1bres coinciding wrth a sharp load drop associated w~h a max1mum atta1ned load level. 
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Whereas UHMPE f1bre reinforced layers seemed to remam intact both in the parent 
material and m the hybrid configurations. 
Failure of a unidirectional carbon f1bre reinforced laminate was associated wrth 
fibre breakage whereas the crossply configurations showed severe delam1nations. 
The use of polyethylene f1bres 1n a carbon f1bre-epoxy hybrid system has also 
been stud1ed by PeiJS and Catsman<56>. They produced pultruded circular rods on which 
to perform their compressive tests. The carbon and polyethylene fibres were 
intermingled and the total volume fraction of the fibres was kept at 0.5 wrth the relative 
polyethylene f1bre content ranging from 0 to 100%. The compressive strength followed a 
ROM pred1ctl0n. They attnbuted this to the fact that the compress1ve strength of an 
untreated polyethylene f1bre reinforced composite (<llm - 0.5) was approximately equal to 
the compress1ve strength of the matrix and could thus be compared to an epoxy matrix, 
monof1bre reinforced composite, for which a ROM predictiOn IS generally accepted. 
Treated polyethylene f1bres gave a slightly higher compress1ve strength. Improved 
interfacial adhesion changed the fa1lure mode to kink band format1on. Untreated 
polyethylene fibre composites failed in a brrttle fashion by transverse splittmg. In hybnds 
each phase fa1led in a similar way to their parent materials. 
Piggot and Harns studied pultruded intraply hybn<:ts<126l : Kevlar and glass f1bres, 
high modulus (HM) and high strength (HS) carbon f1bres, glass and carbon f1bres, in a 
polyester matrix with a total f1bre volume fraction of 0.3. Within these intraply hybrids 
the f1bres were not intimately m1xed resu!t1ng in well defined areas of a certa1n type of 
reinforcement. Observed failure strain enhancements were as high as 150%. 
The effect of the hybrid composrtion on the modulus was to give, in the case of 
Kevlar-glass f1bre hybrids, values lower than the ROM. Kevlar-HM carbon f1bre hybnds 
and HM carbon-glass f1bre hybrids showed two linear regions reaching a minimum at a 
relative carbon f1bre volume fraction (<I!J<I!1) of 0.4. The modulus versus the relative 
carbon f1bre content 1n hybrids composed of HM and HT carbon fibres seemed to follow 
an S-shape curve. In all cases the ROM over estimates the measured modulus. 
A ROM pred1ct10n of the stress as a function of the relative fibre volume fraction 
seemed to be valid in the case of Kevlar-carbon fibre hybrids, HM carbon-HT carbon 
f1bre hybnds and Kevlar-glass f1bre hybrid systems. Carbon-glass f1bre hybrids exhibited 
a minimum at a relat1ve carbon f1bre volume fraction (<llc/<llt) of 0 2. 
lt was noted that the failure mode diverts towards that of the major component 
present 1n the hybnd composite 
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The exception was found to be Kevlar-carbon f1bre hybrid composrtes where the Kevlar 
f1bres mod1fy the typical fracture pattern of a carbon f1bre reinforced laminate, the latter 
being defined by a fracture pattern wrthout kink bands. In Kevlar-carbon f1bre hybrids, 
kink bands at an angle of 45 degrees to the f1bre directiOn were observed in the Kevlar 
f1bre reinforced layers; these propagated as 45 degree cracks into the carbon fibre 
remforced layers. In the case of carbon-glass fibre hybrids, 1ncorporat10n of glass fibres 
changed the fracture pattern from a catastrophic and highly transverse fracture line to 
the k1nk1ng-sphtt1ng pattern characteristiC of glass f1bre reinforced composites. Initial 
kinking often resuHed in transverse cracking, due to excessive local deformation of the 
glass fibres, which eventually changed to longitudinal splitting. AHhough both glass and 
carbon f1bres initiate bnttle cracks, inrt1at1on is more hkely in the carbon fibre rich areas. 
The glass f1bre remforced layers seemed to inh1bl! propagation of the cracks initiated in 
the carbon f1bre reinforced layers. 
From the stress-strain curves 1! was apparent that small additions of carbon fibre 
to a Kevlar f1bre reinforced laminate reduced the duct1le behaviour of the latter greatly. 
ThiS effect was much less pronounced 1n glass-Kevlar f1bre reinforced hybrid composrtes. 
The compress1ve modu Ius of glass-carbon fibre reinforced 1nterply hybrids 
followed a ROM approximation accord1ng to Kretsis and Matthews<127l. Theoretical 
modell1ng of the compressive strength using Lam1nate Theory overestimated this 
property. 
lnstab1lrty was accepted as the general failure mode in compression. They also 
found that carbon on the surface reduced the strength slightly. Sandwiching the carbon 
fibre remforced laminae by glass f1bre reinforced lam1nae increased the failure strain 
which they suggested was due to the fact that the glass fibre reinforced layers provided a 
support for the more bnttle carbon fibre reinforced layers. 
They noted a decrease in modulus wrth strain in CFRP laminates and thought 
this was caused by micro-buckling of the carbon fibres. 
They descnbed the hybnd effect as the failure stra1n enhancement of the lower 
elongation componem but concluded that 1t was not possible to determine a hybnd effect 
in compressiOn as it was not possible to distinguish inrtial from ultimate failure. Volume 
fractions were calculated theoretically from the thickness of the mould1ngs. 
Kalnin, in comrast wrth Piggot and Harris, found that the measured modulus for 
interply carbon-glass f1bre reinforced hybnd composrtes wrth an epoxy matnx exceeded 
the predicted values based on the ROM<128>. 
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The stiffness values 1ncrease rapidly up to a relat1ve carbon volume fraction (41c!41J of 0.4 
after which the modulus levelled off. Introduction of carbon fibres rapidly decreased the 
failure stram 
The failure was not catastrophic, consisting of progressive interfacial debond1ng 
followed by local buckling of the carbon fibres wrth a consequem decrease in the load 
earned. 
Heumann investigated interply glass and carbon fibre hybrids in an epoxy matrix. 
He 1ndicated that failure inrt1ation in the carbon layer was due to shear failure, which 
propagated through the glass laminate by kink band formation<129>. However, when 
plac1ng glass f1bre reinforced layers on the surface failure in the glass was usually by 
splitting. Failure was sudden with the fracture line following the end-tab comours. In 
terms of failure strain a pos1t1ve hybrid effect was observed. A greater hybrid effect was 
noted when the surface layers were glass f1bre reinforced, keeping the fibre volume 
fraction constant. 
In terms of the stress at failure a positive hybnd effect was defined as the 
increase in stress level compared to the expected stress in the laminate when the strain 
reached the stra1n at failure of the low elongation (LE) component. Adopting this 
definition the stress at failure showed a pos1tive hybrid effect For the secam modulus a 
ROM prediction was followed. 
A strain dependence of the elastiC modulus was noted 1n unidirectional 
composites. For CFRP the tensile modulus increased as the strain increased<130>. 
N1ng Yao and eo-workers provided a model to calculate the compressive 
strength of hybrid composites wrthout the need of finite elemem methods<131>. The 
model was based on the assumption that the fibre-matrix bond is perfect, fibres and 
matrix both deform linearly elastic up to failure, the f1bres are cylindrical and uniformly 
distnbuted and only 1n-plane buckling is assumed to take place. The Initial curvature of 
the fibres, interfacial debond1ng and f1bre flaws were not taken into account in the1r 
proposed theoretical model. The h1gh elongatiOn fibres were the first to lose stability 
under compression, buckling following a Sinusoidal pattern. The analysis provided the 
following equat1on to calculate the crrticalload for hybrid composites in compression : 
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(2.18) 
E(p) 
-- = 1-e 
E(k) '" (2.19) 
The subscnpts HE and LE denote the high elongation and low elongatiOn fibres 
respectiVely. The factor p IS a constant for a part1cular composite system and is rather 
d1ff1cult to assess. The elastic foundation constant, p, plays an important role regarding 
the stability of the hybrid composite, and can be calulated following Equation 2.18. 
Equation 2 17 is composed of three contributory factors : the HE phase, the LE phase 
and the matnx. The importance attached to the LE fibre volume fraction becomes 
evident, play1ng an important role 1n the stabilrty of the hybrid composite. The theory 
was not venfied w1th expenmental resutts. 
2.4.4.2 Multidirectional compressive hybrids 
Dorey and S1dey looked at carbon and Kevlar hybnd composrtes with an epoxy 
matrix with a f1bre volume fract1on of • 0 6 The lay-up consisted of 121ayers containing 
the following f1bre orientation<132l. 
(0 190 I 0 I ±451 0 I 0 1±451 0 190 I 0) 
Four different matenal confgurat1ons , were considered, two monofibre reinforced 
laminates and two hybrid configurations being : 
(2 KFRPI8 CFRPI2 KFRP) and (3 CFRP12 KFRPI 2 CFRP12 KFRPI3 CFRP) 
The main interest of Dorey and Sidey was the impact performance but they also stated 
the statiC mechanical properties of the hybrids. However, they only stated the 
compressive strength of the first hybrid configuratiOn.' 
A nine percent reduction was noted between the carbon f1bre reinforced laminate and the 
(2 KFRPI 8 CFRPI2 KFRP) hybrid confguration. Although one third of the laminae were 
Kevlar f1bre reinforced, 50% of these were transversely reinforced. No statement could 
be made on the effect of replac1ng the ±45 degree CFRP wrth KFRP as the compressive 
strength of the latter was not given. 
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Perry and Adams looked at two f1bre onentat1ons<133>: 
(0 I 0 I 01 ~10 I 0 I 0 I ~I 0 I 0 I Ol,:illO I 0 I 01 ~10 I 0 10) 
(0 I +451-451!1190 I 0 1·451!11+45190 I +451ll.l -4510190 IJJ/ ·451 +451 0) 
In terms of hybnd compositiOn the underlined sections were replaced by glass or Kevlar 
f1bre reinforced layers. These were compared against an all carbon f1bre reinforced 
laminate. They concluded that for the first sequence of f1bre orientations, replacing the 
±45 degree layers with Kevlar or glass f1bres re~nforced layers reduced the compressive 
strength. However, the opposite was noted with the tensile strength. They attributed this 
difference in behaviour to the stra1n incompatibility between the plies of different 
orientat1ons. This 1ncompat1b1hty probably caused delaminations resulting in local 
buckling rather than shear failure of the 45 degree layers. In the second fibre orientation 
sequence longitudinal carbon f1bre reinforced layers were replaced wrth glass or Kevlar 
fibre re1nforced layers. Both f1bre types reduced the compressive and tensile strengths. 
Krets1s and Matthews Investigated glass and carbon fibre reinforced 
unidirectional and multid1rect1onal hybnd laminates<124>. Three orientation stacking 
sequences were produced : 
(+451901-451 0 I +45 190 1·4510) 
(+45190 1·451 0 I 0 190 I 0 I 0) 
(+4510 1-451901+451901·45 10) 
The overall fa1lure mode was thought to be by kink band fa1lure. They observed 
a lot of matrix cracking between the zero degree and ±45 degree plies and extensive 
delam1nat10n within the longitudinal plies. Experimentally a progressive failure 
mechanism was observed in the all glass f1bre reinforced laminates. All the laminates 
appeared to fail suddenly at or near their maximum load level . 
The longitudinal layers were protected against instabilrty failure when placed in 
the inner phes. In the case of a GRP laminate, longitudinal layers near the surface 
decreased the strength. The strain at fa1lure increased when replacing off-axis carbon 
fibre reinforced layers by glass fibre reinforced layers. The secant moduli in tension and 
compression were approximately the same A linear stress versus strain relatiOnship 
was obeyed at low strain levels. At h~gher strain levels a non-hnear behaviour was 
noted. 
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When calculating thermal stresses generated along and across the fibres, res1n 
crack1ng was anticipated at d1fferent axial strains. Atthough small w~hin the longitudinal 
phes it was often large for the transverse phes. They noted that these thermal stresses 
cou Id contnbute to an apparent hybrid effect. 
The initial stiffness values were in accordance with Lam1nate Theory whereas 
the predicted ult1mate stress values were underestimated. However, in the latter case 
they stressed the effect of specimen geometry on the longitudinal compress1ve strength 
used in the analysis. 
2.5 Tensile properties of hybrid composites 
As the tensile behaviour of unidirectional hybrids has been much more 
extensively studied in the past than compress1ve behaviour only the work of a few 
authors will be rev1ewed wrth respect to rts relevance to the work carried out in th1s 
research programme Summerscale and others rev1ewed work earned out in the past 
regard1ng the behaviour of hybrid compoSites on tensile loadlng(33,123,133) 
2.5.1 Stress-strain relationship 
Hayashi modelled the modulus of a hybnd using a rule of mixtures prediction. He 
assumed that imllally the load is earned by the low elongation, LE, component<134>. The 
LE f1bres cease to take part in the load bearing capabilrty upon fracture. Further load 
increments are then carried by the high elongation, HE, component wrth the stress-stra1n 
curve resembling that of a HE monofibre composite. The predicted stress-strain 
relat1onsh1p of the Individual components and actual hybnd configuration are shown in 
Figure 2.15. Hayashi assumed that the constrtuents behaved linearly elastic, all failing in 
a bnttle manner, w~h every component fracturing at a well defined strain independent of 
the other components. 
The hybrid strain at failure 1s then equal to that of the HE component. The strength and 
modulus of the hybrid in quest1on can then be calculated as : 
• lnrtial modulus (ROM) · 
Eel= Euc!lu + EHE$HE 
• At failure of the LE component : 
a.,= E.2eu 
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(2.20) 
(2.21) 
o After failure of the LE component the modulus reduces to : 
E c2 = E HElP HE (2.22) 
o At failure of the HE component : 
a.z = E.zEHE (2.23) 
Hayashi compared expenmental resutts of a glass-carbon interply hybrid wnh his 
model and found a similar trend to that given in Rgure 2.15(134>. The initial and final 
moduli, as well as the stress and strain at failure were in close agreement wrth h1s 
proposed theory. However, the expenmentally observed primary fracture strength and 
strain were higher than he anticipated. The hiQher duct1lrty glass f1bres retarded the 
fracture of the LE f1bre reinforced block. 
Krets1s Investigated carbon-glass 1nterply hybrids for both umdirectionally and 
multidirect1onally reinforced lam1natesC135l. The unidirectional stiffness and strength 
resutts obtained from Lam1nate Theory were satisfactory in comparison wnh the 
experimentally obta1ned resutts. For the multidirectional hybnds there was a satisfactory 
agreement between the experimental modulus and the modulus predicted by Laminate 
Theory. 
As stated by several authors the tensile modulus obeyed a ROM for both interply 
and intraply hybrkJsC4·56·135•136l. Kalnin found that the modulus increased non-linearly, 
deviating in a positive way from the ROM valuesC128l. Initially a sharp increase in 
modulus was observed when replac1ng glass f1bres by carbon flbresC128·137l. 
Aveston and Kelly described the stress-strain behaviour of a hybrid wnh good 
bonding between the phases as shown in Rgure 2.16, indicated by the points 
OABCC122•138l. In contrast wrth Hayash1's theory the LE fibres cont1nued to contnbute to 
the stiffness and load beanng capabllny up to ultimate failure. The innial modulus can be 
determined from the slope OA, after which the slope decreased as depicted by BC due to 
the loading of the HE fibres (when the f1bre volume fraction of the HE component is 
higher than cllcritlcall· The ultimate hybrid strength and strain are given by C and D. The 
f1rst cracking strain (A') was higher than the failure strain of a fully LE reinforced 
composne (A). At point A the load d1d not decrease to zero suddenly. The nearly flat 
region AB, when straining an interlaminated hybrid, was due to the formation of parallel 
cracks in the LE phase. This stra1n increase resutted from the addrt10nal load carried by 
the HE component over a short distance on erther side of the crack. 
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On the crack plane, the load which was anitially borne by the LE fibres had to be diverted 
to the HE fabres. Consequently, the additional stress (&aol which had to be carried by the 
HE phase as a resuH of these cracks an the LE phase was estimated as : 
A a.,.,,'" a.,.,,.. E HE 
uao = -
<!IHE Ec 
(2.24) 
and is the difference between the stress an the HE phase which bridges the crack and 
the stress at a cross-sectaon where there is no crack. 
Chou and Kelly reviewed the strength of a hybrid dependang on the f1bre volume 
fraction<122>. At low fabre volume fractions of the LE component the ultimate strength, 
assuming that the contnbution of the matnx can be ignored, as given by: 
(2.25) 
Failure of the LE component leads in this case to final composrte faalure. For low fibre 
volume fractaons of the LE component further load increments can be sustaaned by the 
HE f•bres after failure of LE fabres. The uHamate strength can then be described as : 
(2.26) 
The critacal f1bre volume fractaon at which a transition occurs in terms of the load bearing 
capabilrty of the HE fibres after failure of the LE fibres equals : 
(2.27) 
This as presented graphically an Rgure 2.17<136•139>. The first failure event occurs 
when the average hybrid strain exceeds the critacal strain of the LE component. The 
case where the HE component cames no additional load, after failure of the LE phase, as 
given by the hne BD. The line AE corresponds to a composite matenal where the HE 
fibres carry additional load levels after failure of the LE phase. The line AD represents 
the ROM. To the left of the anterceptaon of BD and AE (C), the strength is determined by 
the HE fabres. The HE component wall contanue to sustain load after failure of the LE 
phase (line BC) up to a level indicated by the hne AC; here the glass fibres modify the 
fracture pattern into a more progressive failure mode (multiple fractures). To the right of 
the interception, failure of the LE component induces catastrophiC failure (single fracture) 
as given by the line CD. 
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The predicted stress envelope of the hybrid 1s g1ven by the triangle ACD. The stress-
strain relationship corresponding to the hnes AC (a) and CD (b) are schematically 
presented in Figure 2.18<136>. 
These very s1mple relationships do not take into account the stress 
concentrations generated at f1bre breakages, the effect of differential thermal 
expansion and Po1sson's ratiO. Nevertheless, the experimental resuHs obta1ned by 
several authors, e g Aveston and Kelly, PeiJS and Catsman are in close agreement 
wrth the theory descnbed above<4•56,138,140l. 
The dependence of failure mode on the LE fibre volume fraction was also noted by 
Kalnin<128l Composite failure in glass f1bre nch hybrids was ncrt catastrophic. On 
failure of the carbon f1bres most of the load was transferred to the glass fibres, with the 
stress-strain curve exh1blting the expected lower modulus<128·141 l. Catastrophic failure 
was only encountered when the carbon f1bre volume fract1on exceeded 0 45. Peys and 
Catsman assessed UHMPE-carbon f1bre remforced hybnds<56>. For relative 
polyethylene f1bre contents greater than 80% (total f1bre volume fraction of hybrid = 
0 5) further load could be sustained by the polyethylene f1bres. 
The effect of the bond between the glass and carbon f1bre reinforced phases in 
an 1nterply hybnd has been studied by Bunsen and Harris<142l The init1al modulus was 
similar for the bonded and unbonded hybrids. In the bonded hybnds the LE fibres 
continued to carry load and contnbute to the stiffness until ultimate failure occurred. The 
failure strain was lower 1n companson to the unbonded hybrids and the glass f1bre 
reinforced lam1nates. Bunsen and eo-workers attributed the smaller breaking strain to 
the fact that further extension could take place in the glass fibres adjacent to the 
fractured carbon f1bres. 
They explamed that load shanng in well bonded hybnds was due to the existence of a 
crit1cal length, surrounding the cracked carbon f1bre, beyond which the LE f1bre is 
unaffected by the fracture and continues to share load. This load shanng 1s apparent 
from the multiple fractures seen 1n bonded interply hybnds. 
Hofer and Phillips stud1ed glass-carbon intraply hybrids and descnbed the carbon 
f1bre breaks as be1ng 'bndged' by the surround1ng glass fibres<4>. The overall strength 
being h1gher than the predicted strength. In the case of hybnds contaimng 
predominantly carbon or glass there was a h1gher probability of f1bre breaks at one 
section. The failure stress resembled that of the dom1nant f1bre type 
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2.5.2 Failure description 
Kretsis found that carbon layers failed approximately at the failure stra1n of 
monof1bre carbon reinforced laminates<135•143>. First macroscopic failure was associated 
with fracture of the carbon layers, producing a delamination crack across the specimen. 
Ultimate failure then cons1sted of fa1lure of the glass f1bre re1nforced phase. When 
placing the carbon f1bre reinforced layers on the surface a lower strength value was 
obtained. 
In the case of multkhrec!IOnal, MD, hybrids consisting of o·, ±45' and 90' plies 
extensive cracking in the 45' and 90' plies near the failure locus was observed. The 
MD glass fibre reinforced lam1nates were prone to severe delam1nations. The modulus 
and strength decreased when Increasing the glass f1bre volume fraction, irrespective of 
the1r fibre orientation. The opposite was found for the strain at fa1lure. 
Bader and Manders who stud1ed glass-carbon hybrids also observed extensive 
delam1nations<136>. If however the delam1nat10n crack was conf1ned, further carbon ply 
failures took place in the undelam1nated portion of the gauge-length. Propagation of the 
carbon ply failures in the glass phes did not follow 1mmed1ately but were diverted by 
delam1nation cracks into the interface between the two phases. Bader and Manders 
were able to decrease the extent of debond1ng 1n the glass-carbon interface by 
increasing the d1spers10n and decreasing the overall carbon content 1n the hybrid. In a 
CGGC 1nterply hybnd configuratiOn they found multiple fractures in the carbon outer 
layers, with extensive splitting in the glass fibre reinforced inner layers. 
As noted by several authors the catastrophic failure mode inherent to carbon 
fibre reinforced composites can be modified towards a more progressive failure mode 
through hybndisation. This however also depends on the fibre volume fract1on of the HE 
component as discussed previOUsly in Section 2.5 1 (128,136,141,142,144). 
2.5.3 Hybrid effect 
In the literature the hybnd effect has been defined as the deviation of the hybrid 
failure stra1n from the failure strain of the LE component(129l or as the 1ncrease of the 
initial carbon failure strain as descnbed by Hayashi (A'A Figure 2.15)(56•135•145>. 
43 
In terms of the hybnd strength a hybrid effect has been defined as a deviation 
from the hybrid stress when the hybnd stra1n reaches the charactenstic failure strain of 
the low elongatiOn component, corresponding to a deviation from the line BD (Rgure 
2.17)<129>. For the modulus the hybnd effect 1s defined as a deviation from the 
RQM(128J. 
The existence of a hybrid effect has been descnbed by three approaches : 
thermally induced stresses, statistical, and fracture mechanics models 
In general when cooling down a composfte plate alter completiOn of the curing 
process the difference in the thermal contraction between the LE and HE f1bres leads to 
thermally induced stra1ns<122•142l. In the case of a carbon-glass hybrid the carbon fibres 
are put 1n compressiOn which can result in an increased stra1n at tensile failure in 
comparison to the parent matenal. Therefore the actual difference of the hybrid strain 
and thermally Induced strain needs to be compared to the fa1lure strain of a LE 
reinforced composfte to conclude whether the observed hybnd effect is st1ll meaningful. 
Bunsen and Harris attnbuted this stra1n enhancement to thermally induced strains<142l. 
However, according to Zweben and others<123. 135• 136.1461 these thermally induced strains 
could only account for a small part of the overall hybrid effect. Peijs and Catsman could 
not descnbe the hybnd effect by the thermally generated strains when investigating 
polyethylene-carbon f1bre reinforced hybrids as the carbon f1bres are put into tension 
hence, lowenng the actual tensile failure straln<56.132l. 
Follow1ng a fracture mechaniCS approach, Bader and eo-workers explained the 
hybrid effect as follows : when fibres reach a cntical load level, fibre fractures occur at 
random leading to a stress perturbation around the fractured f1bre and a stress 
Intensification in the ne~ghbounng f1bres (Figure 2.19)<136·147•1481 
1t is more likely that fibre fractures w111 occur in over stressed zones upon further loading 
of the sample. Catastrophic crack propagation occurs when a crack reaches a cmical 
size, leading to ultimate failure. However, looking at a glass-carbon hybrid the HE fibres 
bridge the crack plane at the tip of the crack. Hence, the HE fibres act as crack 
arrestors by constraining crack propagation. This reduces the rate of strain energy 
release as the crack grows thus requ1ring a higher stress for crack propagation to take 
place. The above theory is based on the glass f1bres not falling and it also assumes that 
first f1bre failure does not lead to catastrophiC failure as the existing interlace diverts the 
crack into a debonding mode 
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Bader and Manders looked at the dispersiOn and hybrid ratio in a glass shell-
carbon fobre reinforced core lamonate<136l. They defined dispersion as the reciprocal of 
the smallest repeat unit (11!,). They concluded that the hybrid effect is greater for lower 
carbon volume fractions and when the dospersion is high. In an interply hybrid the 
thickness of the carbon fobre reinforced ply needs to be small in order to increase the 
hybnd effect. They found that a core thockness corresponding to three carbon reinforced 
plies was suffocient to cause no hybridisatiOn effect. 
Zweben also made an attempt to explain the hybrid effect as an oncrease in 
failure strain of the LE component using a statistical approach<149l. lt involved a 
prediCtiOn of the statistical fobre (HE and LE) strengths and the vanation of the mean 
fobre strengths with fobre length Zweben calculated the lower bounds of hybrid failure as 
the failure of the forst HE fobre. Hybnd effects were explained in terms of the crack 
arresting behaviour of the LE fobres on a mocromechanicallevel. 
2.6 Thermally Induced strains 
Cooling of composrte materials from the processing temperature to ambient 
temperature. after the cunng or consolidatoon process os completed, onduces a 
considerable arr10unt of dofferential shrinkage. Differential shnnkage leads to residual 
stresses in the structure prior to testing. These stresses are often relieved by premature 
ply cracking (micro-cracking) and/or delamonations which may affect the overall 
performance of the composite<41 l 
2.6.1 Unldlrectlonallamlnates 
For a unidirectiOnal reinforced laminate residual stresses are present at the 
microstructural level. Thus, whenever volume changes of the matrix and fobres within a 
ply are not matched, i.e. dofferent coeffocoents of thermal expansiOn, stresses begin to 
build up assumong good interfacial bondong . 
Glass fobres and polymer matroces exhobit a positive coefficient of thermal 
expansion, whereas carbon fobres possess a slightly negative coefficient along the fobre 
dorection. In general the reinforcing fobres have a lower thermal expansion coefficient but 
higher ITIOdulus than the matrix. Therefore, the matrix woll be restraoned from shrinkage 
on cooling, inducing tensile strains in the matrix whereas the fibres will be put onto 
compression on cooling from the processing temperature<29,41,7l,150,151,152l. 
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Carbon and Kevlar f1bres exh1btt a h1ghly ans1sotrop1C thermal expans10na1 behaviour 
w~h the rad1al expansion bemg much greater than the axial expansion. Table 2.5 lists 
the thermal expans1on coefficients of reinforcing f1bres parallel and perpendicular to the 
fibre axis<1o2.153.166,148.198l. 
The coeffiCients of thermal expansion of common thermosetting and 
thermoplastiC matnces are given in Table 2.5. Thermoplastic matnces show a sudden 
change in their coefficient of thermal expansion near their glass transrtion temperature. 
Rgure 2.20 shows the volumetric changes associated wrth a temperature increase for 
several thermosetting and thermoplastiC matrices commonly used<151l. The induced 
thermal stresses are more pronounced in thermoplastiC compos~es than in thermosetting 
compos~e systems as they are moulded at much higher temperatures<41 l. For 
thermoplastiCS, the amorphous matenals possess a lower coefficient of thermal 
expansion than the semi-crystalline materials<151l. The former still be1ng higher in 
companson wRh thermosetting res1ns. 
Collins and Stone studied the thermally induced strains in a unidirectional 
XAS/914 fibre-res1n system from Ciba-Geigy wRh a f1bre volume fraction of 0 6, cured at 
1as•ct152l. Their calculation gave a residual compressive f1bre stra1n of 0.016% and a 
tensile resin strain of 0 .5%. 
Flliou and Galhotis studied unidirectional CFRP/PEEK composRes<150l. They 
concluded that the fibre stresses generated are not signifiCant in comparison wRh the 
f1bre strength. However, the res1dual stresses generated in the matnx could exceed the 
actual tens1le strength of the matrix which could cause matrix crack1ng. 
2.6.2 Crossply laminates 
In 0/90 crossply laminates thermally induced stresses are a result of the 
difference 1n contraction of f1bres and matrix wrthin each ply and between neighbouring 
plies. Adjacent phes wRh perpendicular f1bre onentations will contract by different 
amounts The magn~ude of the thermal expansion mismatch between the fibres and 
polymer matrix depends on the f1bre type; Kevlar fibres > carbon f1bres > glass fibres. 
The 1nduced stresses can approach the ultimate strength of the transverse phes, leading 
to transverse matrix m1crocracks. 
In general, the coefficient of thermal expansion parallel to the fibre direction is 
much lower than that perpendicular to the fibre direction 1n the laminate plane. 
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Shrinkage of the transverse phes 1s restricted by the high modulus longitudinal phes 
resulting 1n a tensile strain in the transverse plies. Therefore an overall tensile stress 
develops in the transverse phes which is balanced by a compressive stress in the 
longitudinal plies. These residual thermal strains then need to be summed whh or 
substracted from the applied strains dunng testing. 
Warpage of 0/90 unsymmetric laminates has often been used in the past to 
assess the magnhude of the induced thermal stresses or strains!41,138,150·154,1SSl. The 
thermally induced strains due to differential shrinkage were calculated based on 
Timoshenko's analysis of a bimetallic strip. He studied these generated strains by 
examining the behaviour of a flat asymmetric crossply laminate on cooling. When 
cooling from the processing temperature the laminate curves as is the case for a 
bimetallic stnp. By measunng the max1mum displacement of the beam (ll) and the semi-
chord length (x) the radius of curvature (r) can be calculated as follows (Rgure 2.21): 
(2 28) 
The magn~ude of the residual stra1ns generated in a crossply laminate can then be 
assessed from the following relationship<152,1SSl; 
t1 E1 E .l t:..T(a..1-a.1) = -(-+14+-) 12r E.l E1 
Where t1 . ThiCkness of one ply 
E11 :Young's modulus ofthe long~udinal ply 
E .l. Young's modulus of the transverse ply 
(2.29) 
The experimentally obtained result for ~ T(t..a ) can then be used to calculate the 
magnhude of the differential thermal strains generated 1n a symmetrical crossply 
laminate on cooling from the moulding temperature to ambient temperatures. The 
strains generated 1n the long1tud1nal plies (tu) can then be written as : 
(2.30) 
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The stra1n 1n the transverse plies (e l.) can than be wrrtten as : 
Where t11 : Thickness of the long1tud1nal plies 
tl. : ThiCkness of the transverse plies 
(2.31) 
Substnuting Equation 2 29 into Equations 2.30 and 2.31 gives the predicted thermally 
induced strains in a crossply laminate. The thermal strain in the longitudinal direction of 
the outer longitudinal ply (e11) is then given by : 
(2.32) 
and the stra1n in the transverse d1rect10n of the outer long1tudmal ply (e .1l : 
(2.33) 
The advantage of this method is that any stress relaxation whiCh occurs is taken into 
account. 1t also avoids the assessment of the temperature difference (aT) and the 
difference in the coeffiCients of thermal expansion for the transverse (cu) and 
longitudinal ply (an) which are often dlffiCUR to determine. 
Referring to the work of Collins and Stone, they found that for a (Osf90sf05) that 
the calculated thermal strains in the transverse and longnudinal plies can be greater than 
0.4% which in comparison wrth the properties of the transverse plies can be 
significant<152>. 
Bailey and Curt1s looked at (0190/0) CFRP and/or GAP laminates<156>. 
Experimental resuRs showed substantial thermal strains Induced on cooling of the carbon 
f1bre reinforced laminates as expected due to the highly anisotropic thermal properties of 
the carbon f1bres. The generated thermal strains approached the failure strain 1n the 
transverse directiOn whiCh they suggested may lead to cracked structures prior to testing. 
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Accord1ng to Jerommidis the residual stresses in a carbon f1bre reinforced PEEK 
crossply laminate (902"041902) can be as great as 50% of the laminate transverse 
strength<168l. He stated that f1rst ply failures due to transverse cracking may lead to 
interface delaminat10ns between the 0 degree and 90 degree onented layers which w111 
ultimately affect the compressive strength. 
Faster coohng rates in sem1-crystalline materials resuR in a smaller curvature of 
an unsymmetric 0/90 bidirect1onallam1nate 1n comparison to amorphous matrices(41 l. 
2.7 Mlcromechanlcs- Macromechanlcs 
M1cromechamcs describes the ply properties as a funct1on of the fibre and matrix 
properlles(157•158•159l whereas macromechanics descnbes the behaviour of a composite 
laminate usmg Laminate Theory<42•160•161) and can be schematically presented as follows: 
Temperature STRUCTURE 
Moos1ure 
MATRIX, FIBRE 1 
'I' 1 PLY 1 .. 1 LAMINATE 
I 1 
I I 
I I 
I I 
I I 
Miaomechanlcs Maaomechamcs 
LOAD 
The literature available on these subJectS is extensive and a full micro- and 
macromechanical analys1s is beyond the scope of th1s project. Panicular attention 
however will be paid to the equatiOns applicable 1n the following chapters. 
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2.7.1 Micromechanics 
Within the micromechamcal approach the follow1ng assumptions are made : 
• The matnx and f1bres are both homogeneous and isotropic; 
• Idealised f1bre cross-section and fibre packing symmetry; 
• Shrinkage stresses are ignored; 
• Compos1te and const~uents exhibit a linear elastic behaviOur; 
• The f1bres are umformly spaced and perfectly aligned; 
• The composrte has no voids; 
• Perfect bonding between the matrix and f1bres. 
In practice these assumptions cannot always be attained Therefore, the obtained 
theoretical resuHs should be compared with expenmental resuHs. 
2.7.1.1 The Young's modulus 
The determ1nat1on of the Young's modulus of the compos~e along the f1bre 
direction is based on the assumpt1on that when a load is applied along the f1bre axis, 
perfect bonding ensures that the strain in the matnx and f1bres is the same. Rgure 2.2Z 
g1ves a schematic presentation of the longitudinal response of a composrte material. 
Within m1cromechan1cs the stiffness of a unidirectional composrte follows a rule of 
mixtures (ROM). The ROM states that the composrte property can be calculated as the 
sum of the property in questiOn of each constttuent phase mutt1plied by ~s volume 
fraction. The composrte modulus (Eel accord1ng to the ROM can then be written as : 
Ec = E,~,+EM~M 
~m = 1-~/ 
Where Er ·Young's modulus of the f1bres 
Em :Young's modulus of the matnx 
4lr : F1bre volume fraction 
41m • Matnx volume fraction 
(2.34) 
Because of rts s1mpliC1ty it IS often applied even when 1t IS not theoretically correct to do 
so, e g. when non-elastiC behav1our is noted. 
For f1bre reinforced compos1tes, in which the st1ffness of the f1bres is much 
greater than that of the matrix, the second term can often be ignored and the modulus 
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becomes dominated by the f1bres when the fibre volume fraction is not too low Rgure 
2.2;' g1ves the graphical representatiOn of the ROM. lt IS assumed that the Young's 
modulus IS the same 1n compression and in tension. In pract1ce the value prediCted by 
the ROM is often 1n agreement wrth the experimentally obtained Young's modulus. 
2.7.1.2 The Poisson's ratio 
The major Po1sson's rat1o is defined as the ratio of the contraction in the 
transverse direction (E J.l and the extension in the fibre direction (e11) when applying a 
tensile load to the specimen. The longitudinal (major) Poisson's rat1o is then defined as 
(153): 
e.L 
u,..., =-e- (2.35) 
I 
The transverse (minor) Poisson's ratiO is relevant when the unidirectional 
laminate is stressed in the transverse direction The m1nor Poisson's ratio is related to 
the long1tud1nal Po1sson's ratio in the following manner : 
(2.36) 
2.7.1.3 The modulus of rigidity 
The in-plane shear modulus also follows a ROM prediction. The formula most 
often crted is : 
Where G0 : Composrte shear modulus 
Gm . Matrix shear modulus 
G1 : F1bre shear modulus 
The shear modulus of f1bre and matrix can be determined as follows: 
and Gm= E., 
2(1 + U.,) 
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(2 37) 
(238) 
Where v1 : Po1sson's ratio of the f1bres 
V m : Po1sson's ratio of the matrix 
The pred1cted shear modulus is lower than the measured value. 
The predicted longitudinal modulus and the Poisson's ratio are in close 
agreement wrth experimental values and are closely related to the f1bre volume fraction. 
The shear modulus is much less dependent on the f1bre volume fract1on and is more 
dependent on the matnx. The measured shear modulus is lower than the theoretical 
value. 
2.7.1.4 The strength 
Predicting the long1tud1nal strength of an orthotropic ply is more complicated 
than predicting the elastiC constants. 
The composrte strength is d1fferent in tension and compression and prediction of the 
former IS more successful than the latter. In compression the theory adopted by Rosen is 
often used to est1mate the compressive strength. However, as ncrted by several authors, 
the agreement between theory and experiment is poor. The analytically adopted 
formulae are presented in Section 2 4 3.2 . The theoretical longitudinal tensile strength 
(ere) follows a ROM prediction : 
(2.39) 
Where a1 : F1bre strength 
am : Matnx strength 
This equatiOn can be s1mptified depending on the total f1bre volume fraction and failure 
strain of the f1bres relatiVe to the matnx. 
If the ind1vlclual laminae are Identical in composrt10n and onentat10n then the 
above equations are applicable to the gross composite. 
2.7.2 Macromechanlcs 
1t is assumed that prior to fibre failure the stress in the resin is sufficiently low 
that the resin behaves as a linear elastic material. 
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The assumptiOns made for the micromechanical analysis also apply here : fibres are 
ISotropic, perfect f1bre-matrix bonding exists and no voids are present in the laminate. 
2.7.2.1 The stress-strain relationship 
In the case of an isotropic material two material constants are needed to define 
the stress-strain response of a material : 
E G = ..,....,--
2(1+u) (2.40) 
For a fully amsotropic matenal (no material symmetry) a total ol21 independent material 
constants must be experimentally determined. In the case of an orthotropiC matenal 
such as unidirectional and angle-ply laminates which exh1brt symmetry in each of the 
three orthogonal planes the number of independent constants reduces to 9. 
In most cases composrte imalys1s 1s performed in two d1mensions, assuming orthcrtropy 
in, the plane of the laminate whilst retaining uniform properties across the thickness. 
2.7.2.2 Determination of the material constants of the laminate 
The general stress-strain relationship of an orthotropic laminate w~h respect to 
the X and V directions can be descnbed as<161 l: 
[a]= [Q][e] (2.41) 
(242) 
The stresses applied to the lam1nate along the major axes (X and V) are given by [a) and 
the strains corresponding to the applied stresses are given by [t). [Q(Ij)) is referred to as 
the material matrix and is a function of the material properties. The material matrix [Q) 
can be determined for each constrtuent lamina. A lamina is completely defined by the 
lour independent elastic constants E1, E2, vmapr and G12• The const~uent material 
properties E1, E2, vm"""• vmapr and G12 can be obtained analytically as descnbed 1n 
Section 2.7.1 or experimentally obtained resutts can be used. 
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In the case of a symmetncal crossply lam1nate composed of an A-B-A block, two 
such material matnces have to be determined : [OJa and (Q)b wfth the material and f1bre 
orientation identical 1n each block. Once the material matnces for each block are 
established the st1ffness charactenstics of the lam1nate can be calculated. 
2.7.2.3 Determination of the laminate strength 
For the modulus it is assumed that values in tension and compression are 
Identical. For the strength prediction this is not regarded as a valid assumption anymore. 
If the laminate is subjected to a tensile stress in the x-direction (c:rxl the stress-strain 
behaviOur can be wntten as follows : 
[~ l = [A][,,] (2.43) 
With [A) be1ng determined from the material matrices and the thickness of the laminae. 
The strain-stress relationship can then be written as : 
(244) 
The general stress-strain behaviour of the outer and inner laminae can be summarised 
as follows: 
[a]..,., = [Q]A [eol 
[a]_ = [Q], [E0 ) 
(2.45) 
The stra1n matrix obtained in EquatiOn 2.41 can be substituted into Equation 2.45. 
The Tsai-Hill failure crfterion was considered as this crfterion has shown good 
agreement wrth experimental resutts<96•163>. The Tsai-HIII failure crrterion in the absence 
of a shear stress for a unidirectionally reinforced sample can be wntten as : 
(2.46) 
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Where X : Composrte longitudmal strength 
Y : Composite transverse strength 
Equation 2 46 represents an ellipse. Any poirrt inside the region enclosed by the ellipse 
represents an allowable stress state. Failure occurs for po1nts coinciding wrth the elliptical 
boundaries<164l. Applying this crrterion to each block A and B for a crossply laminate the 
stress values in the outer and inner laminae are obtained. The smallest stress value 
indiCates failure of that layer. The stresses 1n the other layers prior to failure can then be 
calculated. Failure of certain lam1nae implies load transfer to the other plies where 
further load can be carried until ultimate fa1lure occurs. 
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CHAPTER 3: EXPERIMENTAL PROCEDURES 
3.1 Thermoplastic matrix composites 
3.1.1 Prepreg materials used 
The prepreg materials used were supplied by Phillips 66 • Advanced 
Composites and known by the tradename "AVTEL"<172). The thermoplastic composites 
were supplied as umd1rectional prepreg tape in rolls 150 mm wide. The information of 
the thermoplastic matnx prepreg systems is presented 1n Table 3.1. 
• AVTEL • LG40-70 conta1ns unidirectional E-9lass f1bres with individual filament 
diameters varying between 15 and 25 J.Un, and fibre area weight of 260 g/m2 and a 
fibre content ranging between 66-70 wt.%. 
• A VTEL • LC40-66 contains XAS carbon fibres with individual filament d1ameters 
varying between 6 and 9 J.Un. The h1gh strength XAS carbon f1bres were supplied by 
Hercules. 
• The matrix is polyphenylene sulphide (PPS) grade PR1 OX-2. 
The nominal physical and mechanical properties for E-9lass and XAS carbon fibre are 
presented in Tables 3.2 and 3 3 respectively. The nominal properties of the 
polyphenylene sulphide matrix are presented in Table 2.4. 
3.1.2 Matrix Identification 
Differential scanmng calorimetry (DSC), was carried out using a Du Pont 2000 
thermal analyser on samples of carbon f1bre and glass f1bre reinforced prepreg. The as 
received prepreg physical data (glass transrt10n temperature, crystallisation temperature, 
mett1ng temperature and the degree of crystalhnrty) were determined 1n order to 
characterise the matnx properties. Addrt10nal DSC scans were taken from moulded 
lammates and annealed 1am1nates. 
Small samples (c.a. 20 mg) of glass or carbon fibre reinforced prepreg were 
heated at 1 0°C/min to 350°C in an inert atmosphere. From each DSC trace obta1ned 
the glass transrtion temperature, the crystallisatiOn exotherm, the crystallisatiOn 
temperature (peak maximum of the exotherm), matting temperature (peak max1mum of 
the endotherm) and heat of fus10n were calculated. The degree of crystallinity was 
calculated from the heat of fusion as described m Section 2.3.4 
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3.1.3 Mould design and preparation 
A sem1-posrtive pressure (matched die) mould was machined from aluminium. 
Aluminium was chosen for tts good heat transfer properties, weight and machinab1lity. 
Two moulds were made, the first to produce flat laminates 150 mm by 160 mm 
(Rgure 3.1 ). The second mould was designed such that the end-tabs could be moulded 
in-sttu. The latter laminate had overall dimensions 150 mm by 200 mm (Rgure 3.2). 
The end-tabs being 50 mm long and 0. 71 mm thick. The end-tabs consisted of four 
layers of ± 45• glass-fibre reinforced PPS unless otherwise specified. The mould cavity 
was 1.9 mm deep. In order to accommodate the d1fferences between the thickness of 
glass and carbon prepreg layers several spacers were manufactured to l1t over the guide 
pins of the mould (Rgures 3.1 and 3.2 ). Spacer thicknesses ranged from 0.8 mm 
downwards. Stop plates were f1tted to the sides of the moulds. These plates restricted 
excessive transverse flow of matenal from the mould (Rgures 3.1 and 3 2). 
Mould preparation was very important as tt proved extremely ddficult if not 
impossible to remove adhered PPS resin from the aluminium mould platens wtthout 
damaging the mould surface. After machining, the mould surfaces and spacers were 
polished wrth a fine abrasive compound. Grease and/or other chemicals were then 
removed wrth tnchloroethylene followed by rinsing wtth industrial methylated spim (IMS). 
When the alumimum mould was completely clean, Frekote mould sealer B15 and 
Frekote 44 release agent were applied following instructions on the manufacturers data 
sheet. When traces of PPS contam1nation were seen on the mould surface, after a few 
mouldings, all traces of release agents and polymer had to be removed prior to the 
application of fresh mould release agent. 
/
1.4 Laying-up procedure 
Lay1ng-up was earned out at room temperature under dust free condrtions. All 
of the thermoplastic composttes were based upon 14 prepreg layers in order to meet the 
test specimen thickness requirements. 
To prevent excessive transverse f1bre movement dunng moulding the layers 
were fitted closely wrthin the mould. The individual plies were cut to size using a 
guillotine. As the individual prepreg sheets exhibtt no tack the layers were butt-seamed 
together usmg a hot fine pomted iron. To ensure that the layers fitted closely wrthm the 
mould the layup process was carried out in the mould ttself. 
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3.1.5 Assessing the moulding conditions 
The moulding cycle consisted of 3 stages : 
i. Melting 
ii. AppliCation of the consolidatiOn pressure 
ui. Cooling of the moulded product 
The process1ng window for PPS stated in the literature is between 31s•c and 
345•c, the me~1ng point of the PPS matrix bemg (280•C). The resin v1scosny is very 
dependent upon the temperature. For example at 313•c the viscosny is 1 o4 Pa.s 
(1 05 Poise) and at 328•C this decreases by a factor of ten<42l. The time, and hence 
temperature, before applying the consolidation pressure needed to be carefully chosen in 
order to prevent f1bre stretching resulting from the matrix hav1ng too low a compliance. 
Dunng the mould1ng process of PPS prepreg some problems were encountered. 
1t was difficult to maintam a constant set temperature dunng the entire mould1ng cycle. 
The heat1ng-up of the aluminium mould was time dependent and platen temperatures 
had to be set higher than 33a•c in order to ach1eve moulding temperatures between 315 
•c and 33o•c. 
• Temperature profile determjnatjon 
Careful control of the actual temperature 1n the mould was necessary so that the 
temperature did not deviate excessively from 33o•c . Rne control was necessary to 
avoid distortion of the moulding and at higher temperatures to avoid thermo-oxidative 
degradation To establish the setting temperature of the platens the temperature profile 
of an empty mould was recorded over a penod of 60 m1nutes. 1t was assumed in this 
instance that the temperature profile recorded for an empty mould would be similar to 
that followed when moulding an actual laminate. 
The temperature was recorded by placing a thermocouple covered in aluminium 
foil, to provide contact with the two mould surfaces, in the mould cavny. The temperature 
was logged at twenty second intervals using a computer based data logging system. The 
experiment was carried out for the follow1ng platen temperatures : 33o•c, 338•C, 344•c 
and 3SO•C. Using the above assumption a better understanding of the actual 
temperature profile dunng the moulding cycle was achieved. Table 3.4 lists the time 
needed to reach 3oo•c, 33o•c (moulding temperature specified by Phillips Petroleum) 
and 280•C (me~ing point of PPS matrix) The temperatures reached after 20 and 50 
minutes were also recorded. 
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If the platen temperature was below 344°C the actual moulding temperature of 
33o•c was not reached wrth1n the t1me-scale of this experiment. However, caution in 
setting too h1gh a temperature has to be taken as thermo-oxidatiVe reactions can take 
place when PPS is held for prolonged periods at this temperature. 
• Detemunatjon of the actual mould1no cvcle 
A number of mouldings were produced to investigate the effect of spacer 
thickness, platen temperature and cycle t1me. The mouldings produced in this sect10n 
were manufactured wrthout end-plates on the mould. All the laminates contained 14 
layers of unidirectional glass f1bre reinforced PPS. Only a limfted number of laminates 
could be produced due to the limrted amount o,f prepreg available. From the 
expenments carried out the mould1ng cycle was established. The resuHs of six 
laminates w1ll be presented 1n this section. 
• EvaluatiOn of the moulded lamjnates 
The mould1ng procedure followed for the six laminates is hsted in Table 3.5. 
Macroscopically the surface fimsh and degree of f1bre bending occurnng at the free 
edges was observed. Microscopic exam10at1on was earned out by taking cross-sections 
of every laminate to see 1f there was a visible d1fference in void content from laminate to 
laminate aHhough the void content was also quantitatively assessed by densfty 
measurements. To determ1ne the mechanical properties, an easy to perform test which 
would reflect the void content and use a minimum amount of material was required. The 
interl.aminar shear test met the above reqwrements and was used more as a qualrty 
control test than for the generat1on of actual mechanical data. 
• Experimental techjoues 
Densfties were obtained following the procedure described in Section 3.2 4.6 
Cross-sectional examination using microscopy was carried out as outlined in SectiOn 
3.4. The preparation of test samples and the test procedure for the interlaminar shear 
strength (ILSS) was earned out in accordance wfth the procedure descnbed in Section 
3.3.4. 
• BesuHs and djscyssjon 
Macroscopic examinatiOn . 
Lam10ates moulded at 350•C showed darker edges on the mouldings probably 
due to thermo-oxidative degradation. The laminates showed an excellent surface finish 
compared to the laminates moulded at lower platen temperatures using the same spacer. 
59 
The same effect was also noted when reducing the spacer th1ckness but this also 
increased f1bre bend1ng at the free edges. The extreme case be1ng when no spacer was 
apphed. Fibre bending was minimised by us1ng 0.7 to 0.8 mm spacers when moulding a 
GRP laminate 
MICroscopic exam1nation : 
Due to the variat1on of void location throughout the laminate 1t was difficult to 
assess void content from moulding to mould1ng microscopically. In order to get a better 
approximation of the mean void content denSity measurements were carried out on 
every laminate. 
lnterlaminar shear strength (ILSS) : 
An increase in ILSS was observed w1th increasing platen temperature from 338 
oc to 350°C (Rgure 3 3). This was probably due to the fact that an increase in 
temperature resutted 1n a lower inelt v1scosrty giVing rise to enhanced flow properties 
excluding more volatlles from the final product. Reducing the spacer thickness gave a 
higher ILSS (Rgure 3.3). The more the material is compressed the more hkely are 
volatiles to be excluded, resutting in a higher ILSS. The best resutts were obta1ned in the 
extreme case, i e. no spacer be1ng used. 
As only a limrted number of lam1nates could be moulded to assess the moulding 
conditions an optimum platen temperature of 344°C was chosen whiCh gave a moulding 
thickness in the case of a 141ayer glass fibre reinforced laminate of 2 5 mm. 
To avoid fibre bending at the free edges the mould was adjusted so that end-
plates could be attached to the mould. As expected f1bre bending was avoided and also 
the surface finish was improved probably because the escape of resin from the mould 
cavity was restricted. 
In order to determine the moulding cycles in terms of actual temperatures at 
crucial points 1nstead of platen temperatures a moulding was produced with fitted 
thermocouples. Three thermocouples were f1tted in the moulding : one near the bottom 
mould surface (between ply 1 and 2), a second one near the top mould surface (between 
ply 13 and 14) and the one 1n the centre (between ply 6 and 7) (Rgure 3.4 ). These 
could then be used to determ1ne 1f there was a notiCeable temperature difference 
between the top, centre and bottom of the lay-up. All th1s Information was logged in situ 
using a computensed data monitonng system 
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The heat1ng time prior to the application of the consolidatiOn pressure was established 
when the required moulding temperature of 3oo•c, was reached. Temperature 
differences between the bottom and top layers were minor. 
3.1.6 Adopted moulding procedure 
• MeU1ng 
After lay1ng-up, the mould was transferred to an electrically heated platen press 
set at 344•0. The lam1nate was kept at a contact pressure for 25 minutes in order 
to reach 3oo•c 
• Application of the consoljdatjon pressure 
At this stage of the moulding cycle the lammate was formed to shape at a 
consolidation pressure of 1380 kPa for 30 minutes. The consolidatiOn pressure 
was as recommended by Phillips Petroleum. 
• Cooling 
The laminate was quickly transferred to a water cooled press and cooled to room 
temperature (c.a. 10 minutes). The mould was wrapped in a glass woven fabric in 
order to reduce thermal shock. Rgure 3.5 shows the cooling temperature profile 
of an empty mould wrapped 1n an insulating glass woven fabric. The pressure 
applied dunng the cooling stage was 1725 kPa as recommended by Phillips 
Petroleum. The mould was disassembled and the laminate was carefully removed 
to avoid damage 
• Annealing 
All the moulded laminates were annealed after demoulding in an air circulated 
oven for 2 hours at 204•C . 
3.1.7 Stacking sequences 
For every stacking sequence one laminate was moulded in the flat plate mould 
and two mould1ngs were produced us1ng the mould whh moulded on end-tabs. 
3.1.7.1 Laminate coding 
All the lam1nates produced were symmetrical and consisted of an even number 
(14) of laminae The laminae were hsted starting at an outer face and moving in to the 
plane of symmetry denoted by a ·r. In the case of repeating laminae the block is 
represented as a code w1th a number. 
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The code conta1ns a "G" or ·c· to denote a glass or carbon f1bre reinforced lamina 
respectively, the number gives the number of laminae with the same orientation and 
type of reinforcement. For cross ply laminates, the symbol • .L" after a block is used to 
spec1!y transverse layers and "11" to denote long1tud1nallayers, i.e. the layers where the 
fibres were oriented in the test d1rect1on. 
3.1.7.2 Unidirectional reinforced laminates 
The table below ind1cates the thermoplastic matrix composite conf~gurations moulded : 
G7/ C71 
G2C51 C5G21 
G3C4/ C4G3/ 
G4C3/ C3 G4/ 
G5C21 C2G5/ 
G2C3G21 
GCGCGCG/ 
3.1.7.3 Bidirectional laminates 
The following bidirectional laminate configurations were moulded : 
G7(.L )/ 
C7(.L)/ 
C3(11) C4(.L)/ G3(lll G4(.L)/ 
C4(lll C3(.L)/ G4(11) G3(.L)/ 
C4(.L) C3(11)/ G4(.L) G3(11)/ 
C3(.L) C4(11)/ G3(.L) G4(11)/ 
C3(.L) G4(11)/ G4(11) C3(.L)/ 
C4(.L) G3(11)/ G3(lll C4(.L)/ 
C3(11) G4(.L)/ G4(.L) C3(11)/ 
C4(11) G3(.L)/ G3(.L) C4(lll/ 
3.1.8 Thermally induced strains 
To measure the magMude of the thermally induced stra1ns the method 
descnbed in Section 2.6.2 was used. An unsymmetrical two ply laminate is made 
following the same moulding conditions as descnbed in Section 3.1.6. 
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Upon cool-down from the process1ng temperature to ambient temperatures these 
laminates adopt a curvature. The magn~ude of th1s curvature is then used to assess the 
bwH-in strains The curved sample is placed on a metal plate and the radius of curvature 
is measured us1ng a travelling microscope. A bidirectional GRP and CFRP unsymmetric 
laminate and an unsymmetric umd1rect10nal hybrid laminate were produced. Every 
moulding was repeated three times and the average radius of curvature was calculated. 
The thermally induced strains were then calculated accord1ng to the equations presented 
in Section 2.6.2. 
3.1.9 Quality control 
3.1.9.1 Glass fibre volume fraction 
• Test condrtrons 
The glass fract1on was determined by the standard bum off methoo<173>. Three 
strips approximately 10 mm wide were cut from the same laminate as the compression 
samples shown in Figure 3 6. Two samples from every strip were cut each 
approximately 1 gram in weight. The samples were cut w~h a water cooled diamond 
wheel. After cutt1ng the edges were cleaned w~h silicon carbide paper. These samples 
were then cond~ioned for two weeks in a desiccator in order to obtain an accurate dry 
we1ght. The we1ght of an empty cnuc1ble was determined prior to the experiment by 
placing in a furnace at 6000C for 15 m1nutes, allowing it to cool in a desiccator and 
weigh1ng. The sample was placed in the porcelain crucible in a muffle furnace at soo•c 
for 3 hours. After allow1ng the cnuc1ble to cool to room temperature in a desiCCator it was 
reweighed wrth the glass f1bres. 
• Method of caJculal!on 
The weight fraction of the glass fibres (W 9) in a composrte lam1nate was determined as 
follows: 
(3.1) 
The volume fractions of the glass f1bres (q,9), matrix (41ml and voids (41.) were determined 
from the data utilising the weight content of the composrte (w0 ) and glass f1bre (w9) and 
the dens1t1es of the fibre (p9), matrix (Pml and compos~e (Pccmpos1111). 
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(3 2) 
(3.3) 
(3.4) 
The volume fractions of the const~uents were reported as a percentage, which involved 
the above equations bemg mu"iplied by 100. The matrix and fibre dens~1es were taken 
from the suppliers l~erature 
3.1.9.2 carbon fibre volume fraction 
• Test cond~jons 
The carbon f1bre content was measured using the n~ric acid oxidative digestion 
procedure according to ASTM 03171 or CRAG Standard Test Method 1000 (173,174). 
The matrix is not removed by res1n bum-off but by chemical digest1on. Samples of about 
one gram were cond~ioned in a desiccator for three weeks pnor to determining the1r 
exact weight in air. They were then placed 1n a beaker containing approximately 50 ml 
of concentrated nitric ac1d. The ac1d was heated to boiling point and held at that 
temperature for 50 minutes. The solution was allowed to cool. Filtration was carried out 
w~h distilled water as described in the procedure for acid digestion (SectiOn 3.2.4.4). 
The carbon f1bres and filtration papers were placed in a glass petriscale. The carbon 
f1bres 1n the petriscale were allowed to dry in an air Circulated oven alter which the 
residual weight of the carbon fibres was determined 
• Method of calculatjon 
The weight fraction of the carbon f1bres (W cl in a composde lammate was determined as 
follows: 
(3 5) 
The volume fractions of the carbon f1bres (4>cl• matnx (4>ml and voids (4>,) were 
determined from the data utilising the weight contents and dens~1es of the fibre, resin 
and compos~e. 
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3.1.9.3 Fibre volume fraction of hybrid composites 
(3 6) 
(3.7) 
(3.8) 
Due to the d1flicuHy of determining the carbon fibre volume fraction the glass 
and carbon f1bre volume fractiOns in a hybnd composhe were calculated from the hybrid 
denshy The outline of this procedure is listed 1n Appendix A The l1bre volume fractions 
of the monoflbre and hybnd composhes are listed 1n Table 3.6. 
3.1.9.4 Density measurements 
The experimental method and calculatiOn of the average composrte density was 
as descnbed in SectiOn 3.2.4.6. The expenmentally obtained denshies are given in 
Table36. 
3.1.9.5 Crystallinity of moulded products 
The degree of crystallinrty of moulded and annealed laminates was determined 
as descnbed in Sect1ons 2.3 4 and 3.1 2. 
3.1.10 Preparation of mechanical test samples 
3.1.10.1 Cutting and sawing 
Trial cuts on a high pressure water jet cutting tool were very successful. Cutting 
along and transverse to the f1bre d1rect1on wrth alumimum plates bonded on both 
surfaces of the composrte panel could be achieved in a s1ngle pass, leaving a h1Qh 
quality edge that did not require addrtional fimsh1ng 
Water jet cutters are based upon the pnnc1ple that pressurised water up to 4000 bar is 
forced through a small diamond or sapph1re onfice. Th1s generates a water jet (diameter 
of 0.1 mm) whiCh can reach veloc1t1es up to 1 000 m/sec. Most thin-walled compoSite 
structures can be cut whh a pure water jet. For thick-walled composrte structure an 
abrasive is added to the water jet to enhance the cutting operation. 
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A small mixing chamber IS mounted behmd the water jet nozzle The high velocity of the 
water jet (900 m/sec) creates a vacuum in the mixing chamber and draws the abrasive 
into the water jet. 
A great advantage is that the process is virtually cold. The cut edges usually 
remain warm to the touch and only 1n exceptiOnal cases does it reach a max1mum of a 
1 00°C. Only a small number of lam1nates were cut using a water jet cutting tool as rt was 
expens1ve. 
Cutt1ng of the thermoplastiC composrtes bonded on berth sides wtth aluminium 
plates was carried out using a lubricated diamond wheel 1n order to reduce thermal 
degradation. This high precision cutting was performed by the RAE in Farnborough. 
Cutting of ordinary thermoplastic matnx composttes (such as those used for 
tens1le testing) was carried out us1ng a water cooled diamond blade saw. To increase the 
accuracy of the width of the sample-cut a Jig was developed as shown 1n F~gure 3. 7. 
3.1.10.2 lnterlamlnar shear strength 
ILSS tests were only earned out on the parent materials. The sample 
dimensions were in accordance wrth the CRAG Standard Test Method 100(175> The 
ILSS samples were taken from the three strips cut from the same lammate as the 
compression samples (Rgure 3 6) 
3.1.10.3 Compression samples 
• Pre-treatment prior to bondjno 
Prior to bonding, alummium alloy plates 65 mm by 80 mm were cut and the 
sharp edges removed on a limsher. In order to have a well defined gauge-length the 
aluminium end-tabs were not tapered. 
As the surfaces of the composrte laminates and aluminium were contaminated 
(grease, dust) both surfaces needed to be treated prior to bonding. This involved three 
steps : abrad1ng, removal of loose part1cles and degreasing 
As a light and umform abras1on of the surfaces to be bonded improved adhesiOn 
compared to highly polished surfaces, both surfaces were grtt blasted. The abrasion 
treatment was followed by blowing the surfaces wtth compressed air to remove loose 
particles. To ensure complete removal of loose particles as well as grease the surfaces 
were then washed wtth tnchloroethylene followed by an alcohol rinse. 
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• Adhesive system ysed 
Arald1te 2005 adhesive was used to bond aluminium plates onto the 
thermoplastic composrte lam1nates. Arald1te 2005 is a high shear and peel strength 
adhesive, supplied in a two-pack epoxy (2005A) and hardener (20058). The resin to 
hardener rat1o 1n parts by we1ght was 100 to 44 
• Bonding and cuttjng 
After treatment the alummium plates (65 mm by 80 mm) were bonded on the 
moulded lam1nates (160 mm by 150 mm) leav1ng a 12.5 mm gap (actual gauge-length 
over which the sample will be tested) between the alummium plates as shown in Rgure 
3.6 The aluminium tabs coated with adhesive were pressed onto the laminate 1n an 
electncally heated press at ao•c in order to ach1eve a umform adhesive thickness and 
rap1d curing. These were then post cured in an air circulated oven at a 1 oo•c for two 
hours. After post curing was complete the laminate was cut into 10 mm strips with an 
overall length of 142.5 mm for compressiOn testing. The edges of the laminates were 
discarded (Rgure 3 6). 
3.1.10.4 Tensile samples 
Tensile samples were moulded us1ng the mould wrth moulded-In end-tabs (±45° glass 
f1bre reinforced, thermoplastic matrix). The laminate was cut into four strips of 20 mm 
width, discardmg the edges of the laminate (Rgure 3 8) The test samples had a 
constant gauge-length of 100 mm and width of 20 mm. The transverse samples did not 
requ1re end-tabs. 
3.2 Thermoset matrix composites 
3.2.1 Prepreg materials used 
The prepreg used was Fibredux 913 from C1ba-Geigy<176>. Rbredux 913 
comprises a modified epoxy resin pre-1mpregnated into unidirectiOnal carbon fibre or 
glass f1bre. The epoxy res1n IS a combination of MY-750 as the main component and 
MY-720 used wrth a latent curing agent to enable curing to take place at elevated 
temperatures. The matenals used were Rbredux 913G-E-5-30 and Fibredux 913C-XAS-
5-34. Rbredux 913G-E-5-30 contains E-glass with a res1n content of 30 wt"'o . Rbredux 
913C-XAS-5-34 contains XAS high strength, surface treated carbon f1bre and has a resin 
content of 34 wt%. Properties of the reinforcements and cured epoxy matrix are 
presented in Tables 3.2, 3.3 and 3 7. 
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3.2.2 Adopted moulding cycle 
Thermosetting lam1nates were moulded using a steel picture frame of 260 mm 
by 180 mm w~h a thickness of 2 mm Before mould1ng the mould was treated w~h a 
silicone based mou Id release agent. 
All thermosetting laminates compnsed 16 layers of prepreg. The individual 
layers were cut to fit the picture frame using a guillotine. The backing sheets were 
removed and the layers stacked Individually before passing the lay-up through a mp 
roller to help mmimise air inclusiOns. This was repeated untd the sequence was 
complete. The stack1ng sequence was laid in the picture frame and sandwiched between 
a porous PTFE coated glass fabric (TYGAVAC TFG 075P), medium weight bleeder 
fabric (TYGAVAC NW153), glass f1bre woven rov1ng and a non-porous PTFE coated 
glass fabric (TYGAVAC TFG075) as shown in Figure 3.9. The porous PTFE coated 
glass fabric around the laminate was for release pu!pOses. The medium weight bleeder 
cloth absorbed the excess res1n which was squeezed out of the laminate during the 
moulding procedure. 
The assembly was then placed between the platens of an electrically heated 
press. The lay-up was cured under a pressure of 2000 kNtm2 for 20 minutes at a 
temperature of 140•C . The laminate was ejected hot and did not need any post-cunng 
(Table 3 8). 
3.2.3 Stacking sequences 
The laminate cod1ng system used for the thermoplastiC composrtes was also used for the 
thermosetting composrtes The followmg ~ndirect1onal hybnd laminates wer:e moulded : 
G8/ C8/ 
G1 C7/ C7G1/ 
G3C51 C5G3/ 
G5C3/ C3G51 
G7C1r C1 G7r 
G6C2r C2G6r 
G4C4r C4G4r 
G2Csr C6G2r 
GCGCGCGC/ CGCGCGCG/ 
• The mechanical properties of these lammates were taken from the hteraturet129l and 
were combined wfth the results of the other lay-up configurations. 
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3.2.4 Quality control 
3.2.4.1 Shelf-life 
The glass trans~ion temperature and heat of reaction of the prepreg used was 
compared w~h new prepreg from C1ba-Geigy. A Du Pont 2000 thermal analyser was 
used to determine the glass trans~ion temperature. To determ1ne the glass transition 
temperature a DSC scan from -so•c to room temperature was taken at a heat1ng rate of 
1 o•ctm1n. The heat of reactiOn of the uncured prepreg was measured by scanmng from 
ambient temperature to 2so•c using a heating rate of 1 o•ctm1n. The area of exotherm 
could then be compared directly for the same type of reinforcement . 
The heat of reaction was determ1ned for 4 samples of glass and carbon f1bre 
reinforced prepreg, the average value being 53 caVgram and 55 caVgram respectively. 
The glass transrt10n temperature was in both cases between -s•c and ..a•c. The 
negative glass trans~ion temperature as well as the area of the exotherm were in 
agreement wrth a new sample provided by C1ba-Geigy. As the glass transrt10n 
temperatures and the heats of reaction were comparable it was concluded that the 
prepreg material had not exceeded rts shelf hie. An example of a DSC trace taken from 
the origmal prepreg IS given in Figure 3.10. 
3.2.4.2 State of cure of moulded products 
The residual heat of reaction of a moulded product was determined using a Du 
Pont 2000 thermal analyser. The temperature range used was from room temperature to 
3oo•c at a heat1ng rate of 1 o•Ctmin. A DSC scan before and after cure is supenmposed 
on the same scale. No react1on exotherm IS noted 1nd10at1ng that the end-product was 
fully cured. 
3.2.4.3 Glass fibre volume fraction 
To determine the f1bre volume fractiOn, samples of approximately 1 gram were 
cut on a d1amond wheel. These samples, taken at fixed locations on the laminate, were 
considered to be representative of the laminate (Figure 3.11 ). In the case of the parent 
materials five samples were taken from the composrte laminate. For the hybrid 
configuratiOns eight samples were cut of wh1ch four samples were used for the bum-off 
and acid digestion procedure The edges of the cut samples were polished on silicon 
carbide paper and cleaned All samples were condrtioned in a desiccator pnor to 
testing. 
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• Test cond•lions and method of ca!cu!a!jon 
The glass content was determined by burning-off of the matrix. The test 
condrt10ns and method of calculat•on are as described in Sect1on 3.1.9.1 . 
Tests were performed to determ1ne the reproducibilrty and experimental error 
involved when calculating the we1ght fract1on of the glass f1bres. In this series of tests 
samples were prepared w1th a known fibre weight. The glass f1bre weight was determined 
after condrtiomng for two weeks. The glass fibre was then coated wrth epoxy resin. After 
cure the samples were demoulded and cond~ioned. The thermoset composrte samples 
were weighed and the glass content was determined using the standard bum-off method. 
This test was carried out on 10 test samples and gave a max1mum deviation between the 
experimentally obtained f1bre weight and the onginal f1bre weight of ±0 3%. However, the 
error for the glass f1bre volume fractiOn w111 be greater because of the dens~ variation 
from sample to sample. 
3.2.4.4 Carbon fibre volume fraction 
The carbon content was determ1ned by acid digest1on based on the principle 
described in the ASTM 03171 and CRAG Standard Test Method 1ooo<173•174•178l. Acid 
digestion comprises two stages : the actual d1gest!Oo of the matnx followed by fiHrat10n. 
• DigestiOn of the matnx 
20 ml of concentrated sulphuriC acid w~h the compos~e sample were gently 
heated 10 a 200 ml beaker unt1lthe acid began to fume. The heat was lowered and the 
matrix was left to digest for a few m1nutes. Care was taken that the volume did not 
become too small in order to avoid bumping. The beaker was taken from the hcrt plate 
and 30 ml of 1 00 volume hydrogen peroxide were carefully added. The hydrogen 
peroxide was added dropwise at first using a glass rod to avoid splattering as the 
reaction was very vigorous<1771. As the polymer was ox1d1sed the fibres rose to the top 
of the solution. The reaction was completed when the hot sulphuric acid below the fibres 
became clear and colourless. The mixture was boiled for a few minutes and allowed to 
cool. The m1xture was then d1luted w1th distilled water. 
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• Vacuum filtration 
The equipment used was as follows : 
water pump 
thick walled Erlenmeyer flask 
three piece f1tter funnel- Whatman with an acrylic plate 
glass micro f1bre filters - Whatman GF/A 
hardened filter paper - Whatman No. 52 
A hardened filter paper was placed on the acryhc plate of the funnel and wetted wrth 
distilled water. A vacuum was apphed and the glass micro fibre filter was placed on top 
of the hardened filter paper. The flltrat1on funnel was then assembled. Part of the 
solut1on in the funnel was decarrted using a glass rod. Distilled water was added until the 
filtration water was neutral (pH = 7) The vacuum line was then disconnected and the 
glass micro f1bre filter paper wrth carbon f1bres were placed in a glass petriscale. The 
carbon fibres were dried in a hot air oven at 13o•c, cooled in a desiccator, and weighed. 
The error in the carbon f1bre corrterrt was determined by making seven samples 
. wrth a known carbon f1bre weight. The weight of the carbon f1bre after ac1d d~gestion was 
determined wrthin ±0.6% compared to the 1mtial carbon f1bre we~ght. Acid digestion was 
carried out on a blank (carbon f1bre alone) to assess 1f there was any f1bre loss due to 
OXIdation by companng the carbon f1bre weight before and after digestion. 
• Method of calculation 
The weight fraction of carbon fibre was calculated as described in Section 
3.1.9.2. The volume fractions of carbon f1bres, res1n and voids were determined as 
descnbed 1n Section 3.1.9 2 
3.2.4.5 Fibre volume fraction in hybrid composites 
The bum-off method was used to determ1ne the weight of the glass fibres as the 
carbon f1bres were totally ox1dised in a muffle furnace at soo•c. Acid d1Qest1on on the 
other hand was used to determine the total f1bre weight. Four samples were analysed to 
determ1ne the glass f1bre we~ght and four samples were analysed to determine the total 
f1bre weight. The same procedures for ac1d digestion and bum-off were used as 
descnbed in Sections 3 2.4.3 and 3 2 4.4 respectively. 
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Method of calculation 
The volume fractiOns of the glass f1bres and carbon f1bres were calculated as follows : 
1 $.=---------------------------[ w2 -1] 
1+~( 1 )+.&_( w, ) 
P ww p ww I (-'-1 -1] "' (1-__!__..!.] 
w,w2 w1w1 
Where w1 : CompoSite weight before bum-off 
w2 : Composne weight before acid dtgestion 
w9 : Glass f1bre weight after bum-off 
w1 : F1bre weight after ac1d digest1on 
(3.9) 
As the volume fractions of the constituents were reported as a percentage, the above 
equations had to be mu Hip lied by 100. The matrix and fibre densrties were taken from 
the suppliers literature. 
3.2.4.6 Composite density measurements 
To assess the density of moulded lam1nates three methods were compared : 
density column, density bottle and the Archimedian method(179,180.l8l.l82l. The main 
reqUirement was an accurate method as well as a rapid to perform test. The roost 
accurate method was the density gradient method whiCh consisted of a column of liquid 
of linearly varying densny. However th1s method had to be discarded as the densny 
range which had to be considered for hybrid composnes was too broad compared wnh 
the maximum allowable density grad1ent (in terms of accuracy and linearrty) over a 
densrty column. Tests were earned out to compare the last two methods. 
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Although both techniques gave a s1m1lar result preference was given to the Archimedian 
method as th1s gave an average densrty for the entire lam1nate in one measurement as 
the whole laminate can be used in this method. The dens1ty bottle method required 
numerous samples to be tested from the composrte panel in order to get a good 
estimate of the average laminate densrty. The choice was justified when a graph of 
density versus number of glass layers in the hybnd was examined in addrt10n to the high 
degree of repeatabilny when carrying out several dens1ty measurements on the same 
laminate. 
• Archjmedjan method -Test condrtions 
The composne panel was condnioned for two weeks in a desiccator wrth silica 
gel before the weight of the composrte slab in air was determined. The composrte weight 
in water was measured in a temperature controlled water bath filled wnh distilled water. 
The temperature control was wrthin ±0.01 •c. The temperature of the bath was taken wnh 
a thermometer in order to obtain the densny of the water. Care was taken to ensure that 
no a1r bubbles adhered to the surface of the specimen 10 the water. The expenment was 
repeated twice 10 order to avoid erroneous read10gs. 
• Archjmedjan method - method of calculat!Qn 
For the Archimedian method the compos ne densny (Pcompos~~o) was given by<179•180l. : 
W 11r Pwater 
W au· -W water 
Where w.,, :Weight of the composite lam1nate in air 
ww- · Weight of the compos ne lam1nate in water 
p~ · Densrty of the water 
(3.1 0) 
The expenmentally obtained densrties and fibre volume fractions are listed in Table 3.9. 
3-2-5 Preparation of mechanical test samples 
3.2.5.1 Sawing 
All thermosetting matnx composnes were cut USiriQ a dry diamond circular saw 
taking care that the laminate f1bre axis was properly aligned wnh the cutting line. After 
cutting the bars were placed in a sample holder (Figure 3.12) and finished on the router 
after which the cut edges were ground smooth on the hmsher (400 gnt) and then by 
hand wrth 240 gnt s1hcon carbide paper. 
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3.2.5.2 lnterlamlnar shear strength 
ILSS sample d1mensions were according to the CRAG Standard Test Method 
100 as descnbed in Sect1on 3.3.4<1751. 
3.2.5.3 Compression specimens 
Aluminium alloy tabs were bonded on each sample using an epoxy res1n. 
Aluminium tabs of 65 mm by 10 mm were cut, and any sharp edges were removed on 
the limsher. Tapenng the end-tabs resuHed in no distinct change in the failure posrtion 
and it also became d1fficult in these cases to determine the exact spec1men length to be 
tested. Therefore the aluminium tabs were not tapered so that the gauge-length would 
be well defined From the composite laminate strips 10 mm wide were cut (Figure 3.11 ). 
Prior to bond1ng the composrte panel and aluminium tabs were lightly abraded by hand 
wrth silicon carbide paper, blown wrth compressed air to remove loose grrt particles and 
washed wrth alcohol. After treatment the aluminium tabs were bonded immediately orrto 
the laminate us1ng an epoxy adhes1ve which was supplied as res1n MY950 and hardener 
HY951. The rat1o of resin to hardener was 10 to 1. The adhesive bond was allowed to 
cure at room temperature for 24 hours. The excess of resin was squeezed out of the 
bondline by applying slight pressure to the samples. Figure 3.13 shows the overall 
d1mens10ns of a compression sample. 
3.3 Mechanical testing and conditioning 
Prior to testing samples were condrtioned for one morrth 1n a desiCCator with Silica gel. 
3.3.1 Compression testing 
3.3.1.1 Test conditions and equipment 
The compressive properties were determined using a Celanese test fixture as 
described 1n CRAG Standard Test Method 300 and ASTM D-3410(108•1831. A Lloyds 
testing machine model 10000 wrth a maximum load capacity of 50 kN was used for the 
compressiOn testing of all thermoplastic composrtes. The thermosetting composites were 
tested on a screw driven servo controlled M and test1ng machine using a 1 OOkN load cell. 
Constant cross-head rates of 2 mm/m1n and 1 2 mm/min were used in order to obtain 
failure wrth1n the t1me scale suggested by the CRAG method for thermoplastic and 
thermosetting composites respectively. For both machmes the upper compressive platen 
was attached to the load cell, located in the crosshead of the machine, while the bottom 
platen rested on the base of the test machine. 
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A Celanese compressiOn test f1xture was used to measure the compressive 
properties. The test set-up is shown in Plate 3.1. The bottom grip consists of two halves 
wh1ch are pinned and bohed together after the spec1men is inserted. 
The top two gnp halves are then posrt10ned by seating on a spacer (to give a constant 
gauge-length) before being bohed together (Figure 2.10). The bottom and top grips have 
p1ns to ensure correct alignment. These grips fit into tapered sleeves which 1n turn 111 
into a cylindrical shell which prevents lateral movement during the test To accommodate 
varying specimen thicknesses shims were added behind the serrated grips in the grip 
cavrty A close f1t of the sample in the cylindrical cones was very important otherwise 
slippage occurred. To reduce frict1on in the fixture all movable parts were lubricated w~h 
a light graph~e grease. To avoid no1se on the load signal it was important to keep all 
movable parts clean. Sample alignment was also very important in order to avoid off 
f1bre-axis load1ng. The f1xture was assembled and placed between the two compression 
platens on the test machine and a 5 kN preload applied in the case of the unidirectional 
reinforced composrtes to seat the serrated grips 1nto the specimen tabs. Prior to testing 
this load was removed The compress1ve load was applied to the gauge-section via 
shear through the alummium end-tabs which also prevented failure by brooming at the 
ends 
An indication of sample thicknesses is given 1n the ASTM 0 3410<1081. As the 
number of plies increases resistance to buckling will increase. In the case of the 
thermoplastiC composrtes the compos~e lam1nate cons1sted of 14 layers of prepreg in 
order to get a nominal thickness of 2 mm The thermosetting composnes required 16 
layers in order to ach1eve a nom1nal thickness of 2 mm. 
Stra1n gauges were applied to both sides of the spec1men 1n order to detect any 
Euler bend1ng or loading eccentricrty. As bending occurs in some spec1mens at higher 
load levels the average of the two surface stra1ns was taken for the axial strain. The use 
of strain gauges was preferred to extensometers ahhough the latter was cheaper and 
demands less instrumentation time. Extensometers may also suffer damage due to the 
catastrophiC nature of compressive failure and difficuHies are also 1mposed by the 
confined working space available in compressive test fixtures. 
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3.3.1.2 Strain measurement 
The following gauges and accessones were used in this work : 
stra1n gauge type FLA-3 from Techni Measure (Table 3.10) 
cellophane tape for gauge installatiOn 
, bondable terminals : CPF-38C, from Welwyn Strain Measurement (WSM) 
strain gauge adhes1ve: M-bond 200 (adhesive/catalyst) from WSM 
M-prep Condttioner A : a phosphoric ac1d etchant and cleaning product from WSM 
M-prep Neutraliser 5 : an ammonia-based material from WSM 
Degreaser- chlorinated hydrocarbon 
• preparation of the surface : 
The surface was degreased wtth Freon. This was followed by preliminary dry 
abrasion using 320 gnt Silicon carbide paper followed by abrasion on a thoroughly wetted 
surface us1ng condrtioner A<184l. A hnt free cotton cloth was used to w1pe dry the 
specimen between stages. The process was repeated wtth a 600 grrt silicon carbide 
paper always keepmg the surface wet All loose particles were removed by rinsing wrth 
condtt1oner A. Fonally the surface was neutralised by washing thoroughly wrth Neutraliser 
5 using cotton swabs and wiping dry wrth a lint free cloth. Th1s neutralisation was 
repeated before carefully drying the prepared surface. 
• Bondmg strain gauges to the test specjmen · 
The stra1n gauge was placed on a clean glass shde, the bonding side down. Two 
terminals were aligned alongside the stra1n gauge and cellophane tape was stuck over 
the g~uge. The tape was posrtioned wrth the gauge and term1nal strips onto the 
specimen. The tape was fastened on one side of the specimen lil!lng the rest of the tape 
off so that the gauge and terminal bonding side became VISible. Before hfting off the 
tape care was taken to make sure that the stra1n gauge was properly ahgned. Next a 
thin, umform catalyst coating was applied to the strain gauge and terminal. This was 
allowed to dry for one minute. The adhesive was applied and then the gauge and 
terminal were qu1ckly re-stuck to the composrte surface us1ng a firm pressure wrth the 
fingers when w1ping over the gauge. Immediately upon completion of wipe-out of the 
adhesive, firm thumb pressure was applied for two m1nutes. After a few minutes the 
cellophane tape was pulled off the surface. The two strain gauge w1res were soldered to 
the terminal stnps These wires were then soldered to the wires of the strain gauge 
connector box. 
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• Strain transmjssjon · 
The gauge-factor (K) of the stra1n gauge is the change in resistance divided by 
the change in stra1n<185•186l. The resistance change anses from the dimensional changes 
the strain gauge undergoes when applying a stress. 
The basic circurt used for the measurement of strain was the Wheatstone Bridge, as 1t 
prov1des a simple means of measuring small changes in resistance (strain) wrth a high 
degree of precision. Imbalance of the bndge c1rcuit, resuh1ng in a vohage, was used to 
Indicate a change in resistance and hence strain. In this case two active gauges were 
bonded on either side of the test sample and two dummy gauges were bonded on the 
same matenal but unstra10ed thus cancelling out temperature effects assuming that 
dummy and active stra1n gauges experience the same temperature. Small differences in 
resistance between gauges were compensated for using a "zero• control to balance the 
bridge. The output signal was calibrated by applying a 1% change in resistance on one 
of the stra1n gauges. The circuit used IS shown in Figure 3.14. 
3.3.1.3 Data acquisition 
The load versus stra1n was recorded by a data logging program. Four different 
channels were rnonrtored 10-srtu : displacement of the crosshead, strain obta1ned from 
the strain gauges, t1me and load A sampling rate of 1 0 per second was used up to 
fa1lure. Data mampulat10n was poss1ble by transfemng the logged flies to a 
spreadsheet. 
3.3.1.4 Method of calculation 
Th1s test was earned out 10 order to evaluate the ultimate compressive strength, 
strain at failure and secant modulus when a compressive loading was applied along or 
transverse to the f1bre direction. 
The compressive strength (ac) is given by the max1mum compression load (P) 
sustained by the spec1men divided by the original cross-sectiOnal area. 
p 
<Jc =- (3.11) 
wt 
For the width (w) and thickness (t) of the specimen three measurements were taken and 
averaged per sample. 
Since the stress versus strain curve can exh1bit non-l1nearrty at higher loading, a 
secant modulus was determined between 1 and 1 0 kN. 
n 
• 
Due to no1se irregulanlles, no read1ngs below 1 kN were taken into account and 10 kN 
was used as the upper lim1t as 1t was wrthin the v1sible proportionality limit for the 
unidirectional laminates. The secant modulus was then calculated as the gradient of the 
stress versus stra1n curve between 1 and 1 OkN. 
As the modulus and stress are both proportional to the totalf1bre volume fraction 
(41J these propert1es of the thermoset matrix composrtes were normalised to a standard 
fibre volume fract1on of 0 6 accord1ng to the equat1ons over leaf : 
(3.12) 
(3.13) 
3.3.2 Tensile testing 
3.3.2.1 Test conditions and equipment 
The tensile properties were measured according to ASTM 03039-76 and CRAG 
Standard Test Method 300<187•188>. Tensile tests were earned out on a Dartec servo 
hydraulic fat1gue testing mach1ne, type M1000/RE with a maximum load capacity of 100 
kN using M1000-2318 bid1rect1onal wedge grips. A crosshead speed of 5 mmlmin was 
used. The transverse tensile test were carried out on a Lloyds test1ng machine, model 
1 0000 us1ng a 1 0 kN load cell. 
3.3.2.2 Strain measurement 
• Mechamcal extensometer 
To determ1ne the tens1ie strain an extensometer was used as the strain 
determination based upon the travel of the crossheads was not regarded as accurate for 
small strain levels. 
The extensometer used was chpped onto the specimen across the thickness by 
means of kmfe-edge jaws (Plate 3 2). The extensometer recorded two strain read1ngs 
which where averaged 1n order to ehm1nate errors which may have occurred due to 
bending strains. 
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• Extensometer versus mechanical strajn gauges 
To ensure that the extensometer measurements were vahd ~nd that no slippage 
on the sample surface occurred tests were carried out to compare the strain gauges w~h 
the mechanical extensometer. The resuHs obtained w~h both strain measuring devices 
gave compatible results as can be seen in F1gure 3.15. 
• Laser extensometer 
A laser extensometer was used to determine the tens1le failure strain of 
transverse laminates as the gripping of a mechanical extensometer at the edges induced 
premature failure 
The laser extensometer consisted of two controlled optical sensors equipped w~h a light 
source whiCh directed a light beam omo a spec1men via an optJCal system. Each light 
beam illummated one reference mark (reflecting fo1l) wh1ch reflected the incident light 
rays back to the sensor. An evaluation and control Circuit processed these signals to 
give a strain output. The sensors followed the two reference marks when the sample 
started to deform. 
3.3.2.3 Data acquisition 
Data were logged us1ng a spec1al data logg1ng program. The variables logged 
during the test were travel of the crosshead, load level, time and strain. Data were 
logged at a rate of 10 samples/sec throughout the entire test. Dunng the test data were 
com1nuous!y logged on a property versus t1me graph. Data manipulation was done by 
transfemng the logged f1les to a spreadsheet. 
3.3.2.4 Method of calculation 
The tensile strength was based on the maximum load sustained by the test piece 
when testing the sample to destruction, ultimate failure. The longitudinal tensile strength 
(ere) was calculated from the following equat1on : 
p 
UTS = ac =- (3.14) 
wt 
The secant modulus was determined w1th1n the proportional~y region (1 - 1 OkN). 
3.3.3 Poisson's ratio 
3.3.3.1 Test conditions 
The Po1sson's ratio was obtained v1a a tensile test . Four strain gauges were 
bonded to unidirectiOnal carbon and glass fibre reinforced samples. 
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On each side two strain gauges were bonded; one along the f1bre direction and one 
transverse to the fibre direction The tens1le test was then camed out in two stages. 
First the strain gauges along the fibre direction were monnored. The same test 
cond~ions were used as descnbed in Section 3 3 2 up to 10 kN after whiCh the sample 
was unloaded. The experimem was then repeated wnh the strain gauges mounted 
transverse to the fibres. For each expenmentthe surface strain was recorded at1 0 kN. 
3.3.3.2 Method of calculation 
The Poisson's ratio as determ1ned between 1 and 10 kN can then be calculated as 
follows: 
u= longitudinal strain 
transverse strain (3.15} 
3.3.4 lnterlaminar shear strength (ILSS) 
The ILSS was measured us1ng a 3-point flexure test w~h a span to depth ratio 
tow enough that matrix shear failure occurs before ftexural failure lt measures the 
composne shear strength in a plane parallel to the f1bre d1rection. The ILSS is 
partiCularly sunable for examining the nature of the f1bre-matnx bond. Its use for 
thermoplastic compoMes 1s doubtful as they exhibn a y1eld1ng failure wfth no evidence of 
shear failure. 
3.3.4.1 Test conditions and equipment 
The standard intertaminar shear test adopted was the CRAG Standard Test 
Method for the measurement of the engineering properties of fibre reinforced plastiCS, 
method 100 w~h a span to depth ratio of 5<175>. The 1ntertam1nar shear test was 
performed on a Lloyds machine, Model 10000 using a 5 kN load cell and a crosshead 
speed of 2 mmlmin . The sample d1mensions were slightly different for a glass fibre and 
carbon fibre reinforced thermoplastic composftes due to a difference in sample 
thickness. The span and sample d1mensions were calculated according to the CRAG 
Standard Test Method 100. Care was taken to ensure that the outer support rollers were 
parallel to each other w~h the toadmg member centred between the two outer rollers. 
The diameter of the two rollers and the toad1ng member was 6 mm. 
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3.3.4.2 Method of calculation 
To obtain the ILSS the following equatiOn was used : 
ILSS=~ 
4tw 
(3.16) 
For the thickness (t) and width (w) the average of three readings was taken per sample. 
ILSS IS strongly dependent upon the span to depth ratiO used and it IS therefore used 
more as a qualrty control tool than to acqUire de~~gn dataC175•189•190l In the literature it 
has been stated that even the spec~men width is important when companng composites 
with w1dely differing Young's modulus. Therefore comparisons were made with cautiOn. 
3.4 Scanning electron microscopy and light microscopy 
The techmque of scanning electron microscopy (SEM) is the most widely used 
method to study fracture surface morphology. Optical microscopes are limited by the 
narrow depth of field which lim1ts the study of rough surfaces to very low magnifications. 
Also the limrted resolution (and magnification) of an optical microscope makes it 
unsuitable for detailed structures at high magnificatiOns. In the case of rough fractured 
composrte surfaces wrth a lot of detail one must resort to electrom-optical methods such 
as SEM. The numerous applications of SEM regarding fracture topography are described 
1n many textbooks and will not be discussed in the scope of thiS reportC42•116l. 
Exam1na110n of the topography of the fractured surfaces using SEM demands no 
special spec1men preparatiOn. Part of the fracture surface of interest was simply glued 
onto an alummium stub us1ng a colloidal solutiOn of silver. The sample was then coated 
wrth a thin layer of gold by a sputtenng technique. SEM was used to study the failure 
mechanism of compression samples. A range of compression samples were selected 
and studied at d1fferent magmfiCaiiOn levels. 
Reflected light m1croscopy of samples normal or perpendiCular to the f1bre axis 
required the preparation of a flat polished sample. Part of the sample of interest was 
mounted in a thermosetting res•n. Preparation of the sample involved grinding with wet 
siliCOn carbide papers. The grrt s1ze of the papers used increased from 200 to 1000. 
Rne scratches were then removed by polishing on a 6 f.1!n diamond wheel followed by a 
5 f.1!n alumina wheel and finally a 1 f.1!n diamond wheel. After this polishing the samples 
were suitable for optical m1croscopy work or, alter gold plating, for scanning electron 
microscopy. These polished samples were prepared when studying the void distribution, 
f1bre distnbution and the compressive failure mechamsm. Post-failure examination 
required samples exh1brt1ng no gross damage and were therefore carefully selected. 
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A comb1nat1on of low to higher magmf1Cat10ns was used to study the fracture 
morphology. A sufficient number of areas were looked at 1n order to obtam a 
representatiVe image. 
In the case of thermoplastic composites, polished samples were prepared as 
described above but were then 10n beam etched to enhance the surface topography. This 
process is based on the principle that the f1bres and matrix have a different etching rate 
in a certain environment. These samples were then studied under the SEM or reflected 
light microscope 
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CHAPTER 4 : RESULTS 
4.1 The rule of mixtures for thermosetting matrix composites 
4.1.1 The Young's modulus 
The theoretical Young's modulus (ERoMl was estimated according to Equation 
2.34, wrth the fibre and matrix moduli taken from the manufacturers literature (Tables 
2.4, 3.2 and 3.3). H was assumed that the compressive f1bre modulus was 90% of the 
tensile value, an assumption which is w1dely used in the literature. The fibre-volume 
fract1on was taken as 0.6 for both the CFRP and GRP. The compressive modulus was 
predicted as : 
E<c> -09[£<•> I ROM- • ROM (4.1) 
The compressive and tensile Young's moduh are marked by (c) and (t) respectively. The 
contnbution of the matnx (<!>m Em) was calculated as a percentage of the predicted ROM 
by Equation 4.1. The theoretiCal calculations are summansed in Table 4.1 . 
The rat1o of the modulus of f1bre to matrix was calculated from the data supplied 
by the manufacturer (Tables 2.4, 3.2 and 3.3). The modulus enhancement factor was 
calculated as the ratio of the composrte to matnx modulus (Ec/Em>· This ratiO was 37 for 
CFRP, three times as high as for GRP (Tables 4 2 and 4.3) 
4.1 .2 The failure stress 
The tensile failure stresses of CFRP and GRP according to the ROM were 
calculated using Equation 2 39. The compress1ve failure stress was calculated as 
follows: 
a<<l - 0 9 [a<•> I ROM- • ROM (4.2) 
The data for the fibre and matrix failure stresses were taken from the manufacturers 
literature (Tables 2.4, 3 2 and 3 3) A f1bre volume fract1on of 0.6 was assumed for both 
GRP arid CFRP laminates. The contnbution of the matnx (<l>m O"m) was calculated as a 
percentage of the prediCted value follow1ng EquatiOn 4 2. A summary of the resuHs is 
presented in Table 4 1. 
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4.2 Unidirectional hybrid composites with a thermoseHinq matrix 
4.2.1 The compressive stress-strain relationship 
In all cases compressive fa1lure was catastrophic; progressive failure was not 
observed 1n any case. The primarY failure event involved loss of all the load bearing 
capablltty of the sample. 
4.2.2 The compressive secant modulus 
The secant modulus was calculated in the linear region of the stress-strain curve 
(between load levels of 1 and 10 kN). These boundaries were set as the stress-strain 
relationship could deviate from hneartty under 1nttial loading and towards final failure. 
The average secant moduh obtained are listed in Table 4.4. The values are nomnahsed 
to a f1bre volume fract1on of 0 6 (EquatiOn 3.12). The secant moduli of the unidirectional 
hybrid configurations vaned between 41.7 GPa for a glass fibre remforced laminate and 
124.1 GPa for a carbon fibre re1nforced laminate (Tables 4 2 and 4.3). 
The effect of glass and carbon f1bre reinforced surface layers on the composite 
modulus is presented in Rgure 4.1. The dotted line indicates a hnear 1ncrease of 
modulus with the relative carbon f1bre volume fraction (~.!~1). The hybrid secant modulus 
for glass or carbon f1bre reinforced surface layers wrth the associated scatter is presented 
in Rgures 4 2 and 4.3 respectively. The error is calculated at a 90% confidence interval 
applying the student-! dlstnbution(t9t) following the procedure descnbed in AppendiX B. 
The hnear regression coellic1ent (r2) of the secant modulus versus the relat1ve carbon 
ftbre volume fract1on (~J~1) for hybrids wrth CFRP surface layers was 99 14%. Plac1ng 
the GRP layers on the surface Increased the scatter shghtly, g1ving a regression 
coeffiCient of 98.04%. 
4.2.3 The compressive failure stress 
The compress1ve failure stress was assoc1ated wrth the stress corresponding to 
complete loss of the load bearing capabllrty of the specimen The measured hybrid 
failure stresses are listed in Table 4 5. These values were nomnalised to a f1bre volume 
fract1on of 0.6 (EquatiOn 3.13). The failure stress vanes from 825 MPa for a glass f1bre 
reinforced laminate to 1201 MPa for a carbon fibre reinforced laminate (Tables 4 2 and 
4.3). The observed scatter for the stress and modulus values was h!Qher in the case of 
hybrids wtth glass f1bre reinforced surface layers. 
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The effect of glass or carbon f1bre re~nforced surface layers on the failure stress 
as a function of the relative carbon f1bre volume fraction (<!ld<!l1) is shown in Rgure 4.4. 
The dotted line represents the rule of mixtures. The dashed hne represents the expected 
failure stress of the hybrid if it were to fa1l at the failure strain of a carbon f1bre re~nforced 
laminate. The error bars were calculated as a 90% conf1dence Interval using the 
student-! d1stnbution. The measured values w~h the associated error bars for hybrids 
w~h GRP and CFRP surface layers are presented in Fgures 4 5 and 4.6 respectively. 
4.2.4 The compresslve failure strain 
The average surface strain at failure, obtained from strain gauges bonded on 
e1ther s1de of the specimen for unidirectional hybnds is presented in Table 4 6. The 
hybrid failure strain increases from 1.09% for a carbon f1bre reinforced laminate to 1.95% 
for a glass f1bre re1nforced laminate (Tables 4.2 and 4.3). 
The effect of placing the glass or carbon f1bre reinforced layers at the surface of 
the lam~nate, on the fa1lure stra1n, as a function of the relative carbon f1bre volume 
fraction (<!ld<!l1) is presented in Rgure 4 7. The dotted hne marks a linear increase 
between the faRure stra1n of the carbon and glass f1bre reinforced samples. The dash-dot 
hne represents the failure stra1n of a carbon f1bre reinforced laminate. Taking into 
account the assoc1ated error, assessed at a 90% conf1dence interval us1ng a student-! 
distnbution, the fa1lure stra1n as a funct1on of the relative carbon f1bre content IS 
represented in Rgure 4 8 and 4 9. The best f1tt1ng curve in Rgures 4.8 and 4.9 is drawn 
as a lull line. 
The failure strain enhancement versus the total number of glass fibre reinforced 
layers 1n the hybrid configuration is shown 1n Rgure 4.1 0, a distinction is made between 
hybrid configurations containing glass (dark coloured bar) or carbon (light coloured bar) 
fibre reinforced surface layers. The fa1lure strain enhancement for each hybrid 
configuration is calculated as a percentage of the failure strain of a carbon f1bre 
reinforced laminate. According to th1s def1n~ion the failure strain enhancement of a 
CFRP laminate is zero percent. The poSitiVe hybrid effect was checked statistically at 
90%, 95% and 99"/o confidence intervals, the procedure and resuHs of which are 
presented in Appendix C. 
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4.2.5 Fractography of compression tested samples 
• Macroscopic observations 
Almost all samples failed near the end-tab reg1on. All CFRP samples failed at 
the end-tab/gauge-length junction whereas for GAP there was a tendency for failure to 
take place wfthin the gauge-length. A fracture angle of approximately 70 degrees to the 
f1bre direct1on was found us1ng a shadowgraph GAP samples showed a brush l1ke 
fracture surface compared to the clean fracture surface achieved wfth the1r CFRP 
counterparts. This d1fference in fracture topology was clearly visible in cross-sections 
taken of hybnd conf1gurat1ons. Longftudinal splitting and delaminations were observed in 
GRP laminates and in hybnd configurations hav1ng glass f1bre reinforced outer layers 
Post-fa1lure examination was often dlff1cult as interlocking of the fractured 
surfaces occurred (Plate 4.1 ), lead1ng to oblfteration of the actual fracture surface. Th1s 
was caused by continued displacement after failure of the sample, which does not 
present a problem 1n the tensile mode of loading. 
• SEM fracture surface examination 
Fa1led glass f1bre reinforced lam1nates showed longitudinal splitting and k1nk 
band formatiOn. A typical failure across the thickness is shown in Plate 4 2. The 
fractured surfaces revealed well defined f1bre-ends. Examination of the fibre ends often 
showed a diVISion 1nto two parts, corresponding to a tensile and a compress1ve failure 
pattern, caused by fibre failure under buckling 
Exam1na110n of the fracture surface of a carbon f1bre reinforced laminate 
revealed areas wrth well defined steps of approximately 26 J.Un (Plate 4.3). The fracture 
surface generally appeared rather smooth, while some areas of the fracture surface 
contained short fibre fragments (Plate 4 4). For a carbon f1bre reinforced laminate the 
angle between the fracture line and the f1bre axis was approximately 70 degrees. 
Plate 4.5 shows a failed 3C 5Gt unidirectional hybnd laminate across the 
thickness. Failure inftiation occurred 1n the outer carbon layer near the end-tab and 
propagated through the glass layer. K1nk band formation is clearly visible in the glass 
and carbon f1bre reinforced layers. The double arrow on Plate 4.5 indicates the boundary 
between the carbon f1bre reinforced outer layers and glass fibre reinforced mner layers. 
Reflected light microscopy of the outer carbon f1bre reinforced layers showed a typ1cal 
kink band pattern (Plate 4.6). The kink band in the carbon f1bre reinforced layers 
consisted of mu~1ple fibre breaks wrth1n the kink band boundaries. 
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The fracture angle (between th.e fracture plane and the fibre ax1s) of hybrid composrtes 
varied between 60 and 70 degrees, as was observed for the monofibre composttes. 
Another example of a failed 3C 5G! unidirectional hybnd is shown in Plate 4 7. 
Reflected light microscopy showed the typical kink band geometry of the 1nner glass f1bre 
reinforced layers, taken across the width of the sample . 
4.2.6 lnterlaminar shear strength 
The interlaminar shear strengths (ILSS) obtained from a three point flexure test 
(Section 3 3.4), wrth a small span to depth ratio are hsted in Table 4.7 for the monofibre 
composrte systems. The average ILSS for a GRP lammate was 81 MPa and for a CFRP 
laminate~) 
4.3 The rule of mixtures for thermoplastic matrix composites 
4.3.1 The Young's modulus 
The modulus was est1mated us1ng a ROM prediCtiOn as descnbed for the 
thermoset matnx composites, assuming that the compressive f1bre modulus was 90% of 
the tens11e value (SectiOn 4 1.1 ). The f1bre and matnx moduli were taken from the 
manufacturers literature (Tables 2.4, 3 2 and 3.3). The measured f1bre volume fractiOns 
were substituted in Equation 4.1. The predicted Young's moduli are hsted 1n Table 4.8. 
The experimental compress1ve and tensile modulus enhancement factor 
(Ec'Eml for both GRP and CFRP are listed '"Tables 4.9 to 4.12. 
4.3.2 The failure stress 
The failure stress was calculated as descnbed 1n SectiOn 4.2.3 for the thermoset 
matnx composttes and the resuHs are presented in Table 4 8 The values of the f1bre 
and matrix strengths were taken from the manufacturers literature (Tables 2.4, 3.2 and 
3.3). 
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4.4 Unidirectional hybrid composjtes with a thermoplastic matrix 
4.4.1 The compressive stress-strain relationship 
As for the thermosetting matnx compos1tes, compressive failure of the 
thermoplastic matrix composftes was catastrophic. Primary failure led to complete loss 
of the load beanng capabllrty of the sample Rgures 4.11 and 4.12 show the 
compressive behaviour of a carbon and glass f1bre reinforced composrte 
The stress-strain relationship for a umd1rec110nally reinforced hybnd composrte, G4 C3/, 
IS given in F1gure 4.13. 
The secant modulus calculated at each logged data point is superimposed on 
Rgures 4.11, 4.12 and 4 13. The procedure followed to determine the secant modulus 
as a function of the stra1n is descnbed 1n Appendix D . 
4.4.2 The compresslve secant modulus 
The secant modulus as a funct1on of the relative carbon f1bre volume fract1on 
(<l!c!<lltl is presented in Rgure 4.14. The secant modulus is calculated in the linear region 
of the stress-strain relationship, between 1 and 10 kN. Rgures 4.15 and 4.16 give the 
relationship between the secant modulus and the relative carbon f1bre volume fraction 
wrth the associated scatter for hybnds consisting of GRP and CFRP surface layers 
respectively. The error bars were calculated at a 90% confidence interval using a 
student-! d1stnbut1on. The dotted hne drawn on Rgures 4.14, 4.15 and 4.16 represents 
the rule of mixtures. 
The modulus 1ncreases from 44.4 GPa for a glass f1bre reinforced composite to 
111.4 GPa for a carbon f1bre reinforced composfte (Tables 4 9 and 4.11). The moduli of 
the unidirectiOnal hybnds are hsted in Table 4 13 
The effect of the hybnd stacking sequence on the modulus IS shown in Rgure 
4.17. The secant modulus is plotted versus an increasing number of glass fibre 
reinforced surface layers for unidirectional hybrids hav1ng the same carbon (<1!0 ) and 
glass (<llgl fibre volume fractions. 
4.4.3 The compressive failure stress 
The failure stress as a functiOn of the relat1ve carbon fibre volume fraction (<l!c!<l!1) 
IS presented 1n Rgure 4.18. Rgures 4.19 and 4.20 show the failure stress, with the 
associated scatter, for hybrid configuratiOns with glass or carbon f1bre reinforced surface 
layers. 
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The error bars are calculated based on a 90% confidence interval, applying a student-! 
distribution. The dotted line represents the rule of m1xtures prediction and the dashed 
hne the expected failure stress suppos1ng hybrid failure to occur at the characteristic 
failure stra1n of a carbon f1bre reinforced laminate. The best f1tting correlation of the 
measured values IS given by the full hne. 
The average stress at failure for glass and carbon f1bre remforced composites 
was 1018 MPa and 1166 MPa respectively. The measured failure stresses of the hybrid 
configuratiOns is presented in Table 4.14. 
The effect of the stacking sequence on the failure stress 1n hybrid composites is 
shown in Rgure 4.17. The fa1lure stress is plotted against an Increasing number of glass 
f1bre reinforced surface layers for hybnd configurations wrth identical glass and carbon 
fibre volume fractions 
The pred1cted failure stress accordmg to the model of Yao and workers<131) 1s 
presented in Rgure 4 21. The model was applied to predict the compress1ve failure 
stress for unidirectional hybrid composites wrth a thermoplastiC matrix The predicted 
composrte failure stress consists of three contnbutory terms : the matrix and the two 
types of remforcement. The ult1mate stress is then the sum of the three contnbutory 
factors. The equations used to calculate the unidirectional hybnd failure stress are 
presented in Sect1on 2.4.4.1. The factor p was taken from the worl<ed example by Yao 
and worl<ers, being equal to 0 052. The ultimate compress1ve stress as a funct1on of the 
relative carbon f1bre volume fract1on (41d41J IS shown in Rgure 4.21. The dotted lines 
indicate the effect of the contnbutory factors and the full line gives the overall 
compressive failure stress. 
According to this theory the compressive failure stress for monof1bre composites 
is 209 MPa 1n the case of a glass f1bre reinforced composite and 10 8 GPa in the case of 
a carbon f1bre reinforced composrte. 
4.4.4 The compresslve failure strain 
Rgure 4.22 shows the stra1n at failure as a function of the relat1ve carbon f1bre 
volume fraction (41,/411). Rgures 4 23 and 4 24 show the effect of plac1ng glass or carbon 
f1bre reinforced layers on the surface of the hybnd laminate on the failure stra1n. The 
scatter, calculated at a 90% confidence interval, is supenmposed on the average strain 
in Rgures 4.23 and 4.24. The full hne represents the best f1tting relationship between the 
measured data points. 
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The dotted line shows a linear relationship between the strain and relat1ve carbon fibre 
volume fraction (~c/~1) and the dash-dot hne marks the failure stra1n of a carbon fibre 
reinforced lammate. 
The failure stra1n decreases from 2.1 %for a GRP laminate to 1.1 %for a CFRP 
laminate (Tables 4 9 and 4.11 ). The data for the hybnd failure stra1ns are presented in 
Table4.15. 
The failure strain enhancement as a functiOn for an increasing number of glass 
fibre reinforced layers in the hybrid laminate is shown 1n F19ure 4.25 
The failure strain enhancement is taken as a percentage relative to the fa1lure strain of a 
CFRP laminate. The failure strain enhancement of a CFRP laminate IS taken as zero 
percent. 
4.4.5 Fractography of compression tested samples 
Failure 1nrtiated in the v1cimty of the end-tabs in all instances. Failure was 
sudden and catastrophic. Exam1nation of the fracture surfaces of the thermoplastic 
laminates was more d1ff1cult than for the thermoset matrix laminates because of the 
nature of the thermoplastiCS, i e the y1eld behaviour. 
Failed GRP lam1nates showed a typical k1nk band structure. The kink band 
boundanes showed severe bending of the glass f1bres, further buckling then causing fibre 
fractures (Plate 4 8). The fracture topology of a CFRP laminate IS shown in Plate 4.9, 
showing a step-like fracture surface. 
Plate 4.10 shows a fa1led 2G SC/ hybrid composrte across the thickness of the 
compress1on test sample. The arrow on the plate shows the boundary between the glass 
f1bre reinforced outer layers and the carbon f1bre reinforced inner layers. The inner 
carbon fibre reinforced layers have fractured, the outer glass fibre reinforced layers 
exhibiting severe fibre bend1ng. Plate 4.11 shows the typical kink band geometry in the 
glass fibre reinforced layers of a G4 C3/ unidirectional hybrid. The k1nk band boundaries 
are not as defined due to severe fibre bend1ng. Fibre fractures were only generated when 
the crttical fibre buckling strain was reached. 
An example of the fibre distribution in a GRP laminate is shown in Plate 4.12, 
showing f1bre bunching, resin nch and resin def1c1ent areas. 
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4.4.6 lnterlamlnar shear strength 
The tnterlammar shear strength (ILSS) resuks are presented in Table 4.16. The 
GRP and CFRP lamtnates have an ILSS of 69 MPa and 90 MPa respectively. Fsgure 
4.26 shows the type of failure observed 1n an tnlerlamtnar shear test of a thermoplastic 
matnx composrte compared to a thermoset matnx compoSite. 
4.4. 7 The tensile stress-strain relationship 
To obtain the ent1re stress-strain relatiOnShip was dtfficult due to the loss of the 
stra1n measunng capabtlrty of the extensometer once failure in~iated and the sample 
started to dis1rrtegrate. 
Therefore, the stress-ttme curves were logged, g1v1ng a better indtcation of the load 
beanng capabilities of a hybrid laminate after the maximum load level had been 
reached. The tests were all carried out in dtsplacemerrt control mode. 
The stress-strain relationship of the monoftbre composrtes was recorded up to 
the maximum load level (Figures 4.27 and 4.28). The secarrt modulus calculated at 
each logged data poirrt IS supenmposed on the stress-stratn ~elaliOnship in Figures 4.27 
and 4.28. The procedure followed to determtne the modulus-strain relationship IS 
descnbed 1n AppendiX D. 
Figure 4 29 shows the stress-stra1n relationship for a 3C4G/ unldtrecltonal hybrid 
configuration. Figures 4.30 and 4 31 show the stress-stratn relationship for a 
GCGCGCG/ and G2 C3 G21 respecttvely 
4.4.8 The tensile secant modulus 
The secarrt modulus, measured between 1 and 10 kN, as a function of the 
relat1ve carbon ftbre volume fract1on (<!le/~) is shown in Figure 4 32. The dotted line 
represerrts the rule of mixtures. The tenstle modulus decreases from 119 GPa for a 
carbon ftbre reinforced lammate to 41 GPa for a glass ftbre reinforced lammate (Tables 
4 10 and 4.12). The secarrt moduh for the umdtrecttonal hybrids are listed in Table 4.17. 
4.4.9 The tensile failure stress 
The stress at failure, defmed as the maximum load level the sample can bear, is 
plotted as a function of the relative carbon ftbre volume fraction (<!>c/$1) 1n Figures 4.33 
and 4 34. The tnangle enclosed by the dotted and full lines 1n Figure 4 33 represerrts the 
failure envelope as descnbed in more detail in Sect1on 2.5 1. 
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The dotted line represents the rule of m1xtures. The dashed line corresponds to hybrid 
failure occurring at the failure strain of a CFRP laminate, the dash-dot line assumes that 
the GRP layers carry further load levels after the carbon f1bre reinforced phase has 
fa1led Figure 4 34 gives the best f1tt1ng relationship between the failure stress as a 
function of the relative carbon f1bre volume fraction. The dashed and dotted lines give 
the best fitt1ng relationship for hybnd confiQurations wfth carbon and glass fibre 
remforced outer layers respectively. 
The failure stress 1ncreased from 1075 MPa for a glass f1bre remforced lammate 
to 1724 MPa for a carbon fibre remforced laminate (Tables 4.10 and 4.12). The failure 
stresses for the unidirectional hybrids are listed 1n Table 4.18. 
A companson of the tensile and compress1ve fa1lure stress for hybrid 
configurations wrth carbon or glass f1bre reinforced surface layers IS shown in Fgures 
4 35 and 4 36 respectively. The best f1tt1ng relationship between the measured tensile 
and compressive data 1s plotted as a dotted and dashed hne respectively. 
4.4.10 The tensile failure strain 
The failure strain IS taken at the po1nt the max1mum load level is reached. The 
effect of glass fibre remforced surface layers on the hybrid failure strain is shown in 
Figure 4 37. The failure stra1n Increased from 1.47 % for CFRP to 3.08% for GRP 
respectively (Tables 410 and 4.12). The failure strain of the unidirectional hybrids is 
listed in Table 4.19 
The failure strain enhancement is presented graphically in Figure 4.38. The 
failure strain enhancement IS calculated as a percentage of the failure strain of a carbon 
f1bre reinforced lammate. The fa1lure strain enhancement of a CFRP laminate 
corresponds to zero percent. 
4.5 Thermally induced strains in thermoplastic matrix composites 
The magnrtude of the thermal strains generated on cooling of thermoplastiC 
bidirectiOnal composrtes from the processing temperature were assessed by studying the 
behaviour of two ply asymmetric laminates. A two ply asymmetric monofibre 
bidirectional laminate will bend on coohng from the moulding temperature to ambient 
temperature (Section 2 6.2). A similar experiment was repeated for a two ply 
longftud1nal carbon and glass f1bre reinforced hybrid. 
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The calculated radu of curvature of these unsymmetnc laminates as well as the 
magnrtude of the 1nduced thermal strains normal and perpendicular to the fibre directiOn 
of the longrtudinal phes are hsted 1n Tables 4 20 and 4 21. 
Plates 4.15 and 4 16 show the cross-sect1on of a GAP bidirectional lam1nate 
' before compression testing Plate 4.15 clearly shows the generated micro-cracks 1n the 
inner transverse glass f1bre re1nforced layers, confined by the outer long~ud1nallayers. A 
higher magmfication of the m1cro-cracks 1s given 1n Plate 4.16, showing failure at the 
f1bre-matrix interlace in most instances or occasionally through the fibres. 
4.6 Crystallinity of thermoplastic matrix composites 
The glass trans~ion temperature and metting temperature obtained from DSC 
scans of the thermoplastiC prepreg and annealed mould1ngs are presented 1n Table 4 22 
DSC tests were carried out to determ1ne the degree of crystallinrty of the as-receiVed 
prepreg and the annealed mouldings (Table 4 23). As all thermoplastiC matrix 
composrtes were treated in an 1dent1cal way, the average crystall1nrty of the annealed 
mouldings was assumed to be similar from mould1ng to moulding. DSC traces taken 
before annealing gave a lower heat of fusion (26 5 J/g) than the DSC traces taken alter 
the annealing stage (46.9 J/g). 
The crystallinrty was measured alter annealing the composrte panel, before 
testing (Table 4 23) All the mechamcal tests were earned out on lam1nates hav1ng a 
crystallimty of 58% which was tw1ce as h1gh as in the as-received prepreg. Figures 4 39 
and 4 40 g1ve DSC scans of the as-rece1ved prepreg material and the annealed 
thermoplastic matnx composrte sample 
4.7 Transverse thermoplastic matrix composites 
4.7.1 The mechanical properties 
Tables 4.9 to 4.12 list the transverse compressive and tensile properties of GAP 
and CFAP laminates. The remforc1ng effect of the transverse layers was calculated as 
the modulus ratio of lam1nate to matnx (EdEml· The stress enhancement was 
calculated as the rat10 of the fa1lure stress of lam1nate to matrix (adaml· ThiS definrt1on 
1mplied a stress enhancement smaller than the one in tension, whereas in compression 
no s1gmf1cant remforc1ng effect (ac/am = 1) IS noted. The stress enhancement (adaml 
of the CFAP lammates IS slightly h1gher than for GAP lam1nates. 
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4.7.2 Fractography 
Post-failure exam1nat10ns of transverse CFRP and GRP tens1le test specimens 
are shown 1n Plates 4.13 and 4.14 respectively. The GRP fracture surface shows 
exposed f1bres, the majonty of the f1bres are clean of any adhering matrix in contrast to 
the topography of the CFRP fracture surfaces. Similar observations were made when 
exammmg the fracture surfaces of compression tested transverse GRP and CFRP 
specimens. 
4.8 Bidirectional thermoplastic matrix composites 
The measured tensile and compressive mechanical test resuns are presented in 
Tables 4.24, 4.25 and 4 26. 
The expenmental resutts for compression and tension are presented on the 
same graphs in order to assess the overall effect of a part1cular parameter on the 
mechanical properties for both modes of loading. 
The mode of loading is ind1cated nex1 to the sample configuration on the x-ax1s by using 
the symbols (C) for compression and (T) for tension. The average measured property 
with associated error bars are represented by an empty symbol. The error IS calculated 
at a 90% confidence 1nterval us1ng the student-! distnbution, according to the procedure 
described 1n Appendix B. 
4.8.1 The effect of the laminate stacking sequence 
The effect of the pos1110n of the longitudinal layers wrthin a monof1bre and hybrid 
laminate on the uHimate stress and secant modulus were Investigated in this section. 
The effect of sandwiching the longitUdinal plies by transverse plies on the failure 
stress and modulus in a bidirectional GRP laminate is shown in Rgures 4.41 and 4.42. 
Rgures 4.43 and 4.44 show the effect of sandwiching the longitudmal plies by transverse 
plies 1n a CFRP bidirectiOnal laminate 
The effect of sandw1ch1ng longitudinal CFRP plies by GRP transverse plies on 
the failure stress and modulus IS shown in Rgures 4.45 and 4 46. The effect of 
sandwiching GRP longJtudmal plies by CFRP transverse plies on the failure stress and 
modulus is shown in Figures 4.47 and 4.48. 
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4.8.2 The effect of fibre orientation 
The effect of the f1bre onentation on the fa1lure stress and secant modulus was 
st~died by replac1ng an increasmg number of long1tudmal layers whh transversely 
onented layers in a monof1bre (GRP and CFRP) laminate In this experimental 
investigation the number of longhudinallayers in the laminate was reduced from 100% to 
57% and then 43%. 
· The effect of replacing an increasing number of longitudinal plies wrth 
transversely onented plies in GRP and CFRP lam1nates, (keeping the f1bre type of the 
respective layers identical) on the failure stress and modulus, is shown in Rgures 4.41 to 
444 
The effect of replac1ng the inner or outer carbon f1bre reinforced longitudinal 
plies whh transversely onented phes 1n a bid1rect1onal hybrid lam1nate is shown in Rgures 
4 49 and 4.50 respectiVely. Replac1ng the glass f1bre reinforced longitudinal phes in the 
inner or outer layers of a hybnd b1d1rect10nal laminate wrth transverse plies is shown 1n 
Rgures 4.51 and 4.52 respectively 
The effect on the modulus can be seen by companng the measured data of the 
corresponding configuratiOns taken from Table 4 24. 
4.8.3 The effect of the type of reinforcement 
The effect of replacing the surface GRP longitudinal layers wrth CFRP layers on 
the failure stress is shown in Rgure 4 53 whereas, Rgure 4.54 shows the effect of 
replac1ng the surface CFRP longrtudinallayers whh GRP layers. 
The effect of replacing the 1nner GRP longitudinal layers whh CFRP layers on 
the failure stress is shown in Rgure 4 55 whereas, Rgure 4.56 shows the effect of 
replacing the inner CFRP longhud1nallayers whh GRP layers. 
The effect on the modulus can be seen by comparing the measured data of the 
corresponding conf~gurat1ons taken from Table 4 24. 
4.8.4 Laminate Theory 
The modulus and failure stress of bidirectional laminates was predicted using 
Lam1nate Theory. The theoretical resutts were calculated for thermoplastic matrix 
composhes cons1st1ng of 141aminae. 
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The predicted values were based on the expenmental resutts obtained for the rnonof1bre 
longnudinally and transversely reinforced composites. The measured major Poisson's 
ratio for the glass and carbon f1bre reinforced laminate are g1ven in Table 4.27. The 
minor Poisson's ratiO was calculated us1ng Equation 2.36. The shear modulus for GRP 
and CFRP lam1nates was obtained from the prepreg manufacturer, Ph1llips Petroleum. 
The tens1le and compressive fa1lure stresses were determined by applying the Tsai-Hill 
crnerion (Equation 2.46). A computer program was wrrtten to assess the Young's 
modulus, compressive and tensile failure stress of bidirectiOnal laminates using Laminate 
Theory. An Introduction to thiS is given in the lrterature review (SectiOn 2.7) and is also 
documented in many published texts. 
Laminate Theory assumes that the tensile and compressive moduli are identiCal. 
However, 1n practice the compressive modulus of CFRP is often lower than the tensile 
modulus. Hence the compressive modulus was taken as 90% of the Young's modulus 
accord1ng to Lam1nate Theory 
The theoretical data (Idled symbol) are superimposed on the graphs representing 
the effect of the lam1nate stacking sequence. 
4.8.5 Fractography of bidirectional laminates 
Fractography of the fracture surfaces of the bidirectional laminates was difficult 
due to post-failure damage. Plate 4.t7 shows the fracture surface of a compression 
tested C4JI G3JJ laminate. The delaminat10ns between the longitudinal and transversely 
oriented blocks are indicated by the s1ngle arrows. The outer carbon fibre reinforced 
layers (bottom of micro-graph) show the step hke fracture surface, as observed for the 
monof1bre CFRP laminates. Plate 4 t8 shows the fracture surface of a G4.L C31V failed 
compressiOn sample. The arrow marks the interface between the transverse and 
long1tud~nal reinforced layers Remains of the kink band are clearly vis1ble in the inner 
longitudinal carbon fibre re1nforced layers. 
Plate 4.19 shows the topography of the fracture surface of the transverse glass 
fibre reinforced layers in a G3.L C411! laminate, showing exposed f1bres virtually clean of 
adhering matrix. 
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4.8.6 Finite element analysis 
NASTRAN was applied to determ1ne the tensile properties of a 3G l. 3G 11' 
bidirectional lammate. The resu~s obtained from NASTRAN using Tsai· Wu and Hill 
failure cnteria are summarised 1n Table 4 28 
The theoretical resu~s were compared wrth the measured propert1es. The failure stress 
was determmed from Figure 4.57. Figure 4 57 g1ves the stress applied to the laminate 
as a function of the failure index. A failure index equal to one corresponds to composite 
failure. The resutts obtained using the Hill failure critenon were compared with the 
resu~s obtained us1ng the Tsai-Wu failure crrteria(192l. The failure stresses obtained 
from NASTRAN, using the Hill and Tsai-Wu failure cnteria, and those from Laminate 
Theory, using the Tsai-Hill failure crrterion, were compared wrth the measured value 1n 
Figure 4.58. The error bars, calculated at a 90% confidence Interval using a studerrt-t 
distnbut10n, are listed together w1th the average measured failure stress. 
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CHAPTER 5 : DISCUSSION 
5.1 The rule of mixtures - unidirectional monofjbre composites 
5.1.1 The Young's modulus 
When predicting the Young's modulus of a unidirect1onally reinforced composite 
material the simplest model that can be apphed is the rule of mixtures (ROM) which can 
be defmed as the sum of the hnear volume combination of the propeny in question of the 
constrtuent phases of the composrte matenal. The rule of mixtures is descnbed in 
Sect1on 2.7. The rule of mixtures can be deduced by representing the composite 
structure as composed of flexible (matnx) and ngid (f1bre) springs, as shown in Rgure 
2.21 and therefore the corrtnbutions of the reinforcemerrt and the matrix are considered 
as separate ent1t1es. The tensile longitudmal modulus of a composite material (Eel 
follow1ng the ROM can be written as : 
(5.1) 
The compressive modulus was calculated as 90% of the tensile modulus, 
calculated from Equation 5.1. The contribution of the matnx to the Young's modulus of 
the thermoset matnx composites 1n this study is only 1% for CFRP and 3% for GRP 
laminates. For the thermoplastiC matrix composites, the contnbution of the matnx 
towards the Young's modulus is 1% for CFRP and 4% for GRP laminates. Therefore the 
contnbut10n of the matnx towards the theoretiCal modulus is negligible (because of the 
high ratiO of f1bre to matrix modulus (Tables 2 4, 3 2 and 3 3) and the h1gh f1bre volume 
fraction, approximately 0 6, of the laminates used in this work) 
When the theoretical compressive modulus of the thermoset matrix composites 
is compared wrth the experimentally determined secarrt modulus, differences of 1% and 
5% for CFRP and GRP laminates respectively are obtained (Tables 4.1). Differences 
between the theoretical and measured modulus for the thermoplastiC matrix composites 
are 1% and 8% for CFRP and GRP laminates respectively (Table 4 8). 
97o. 
The rule of moxtures represents an Ideal shuation and os based on many 
assumptions and idealisations whoch are not always met in practice. Some of these 
odealisations regarding the composrte matenal are hsted below : 
Assumptions about the lamonate on general : 
• The laminate behaviour IS linear elastiC; 
• The laminate os stress free pnor to testing; 
• The lamonate is void free; 
Assumptions on the constituent phases of the composite : 
• The Poisson·s ratoos of the matnx and the fobres are Identical; 
• A perfect interface exists between the matnx and the fobres; 
• Matnx and fobres are each : homogeneous, isotropic and linear elastic; 
• All the fobres break at a constant strain level, 
• The fobres are regularly spaced in the lamonate; 
• The f1bres are perfectly aligned relative to one another; 
Due to the number of 1dealisations imposed the ROM IS often regarded as the 
upper limit for the Young's modulus. However when comparing the ROM, theoretical 
modulus w~h the experimentally determined modulus one needs to bear in mind that the 
latter has been calculated 1n the hnear, elastiC reg1on of the stress-strain curve. Hence, 
the predicted CFRP modulus should be a good est1mate of the expenmentally obta1ned 
modulus. The larger deviatoon of the measured GRP modulus from the theoretical value 
can be partly attnbuted to the assumptoon used for CFRP predictions, 1.e. that the fobre 
compress1ve modulus 1s 90% of the tens1le f1bre modulus. This assumption is generally 
adopted for carbon f1bres in the l~erature, but may not be appropriate to glass fibres. 
5.1.2 The failure stress 
The compressive faolure stress of monofobre composhes according to the ROM 
can be obtained by dividing Equation 5.1 by the strain. Assuming isostra1n condhions the 
compos~e tensile stress (acl can then be wrrtten as : 
(5.2) 
The compressiVe failure stress was taken as 90% of the tensile value. 
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At high fibre volume fract1ons the contnbution of the matrix towards the failure stress for 
both matrix types is only 2% for both GAP and CFRP lam1nates and can, for the 
reasons g1ven 1n the prev1ous section, be ignored At a certain strain level the load is 
carried partly by the fibres and partly by the matrix. Akhough the strain 1n the f1bres and 
matrix is equal (following the assumption of isostrain condrt1ons), the actual stress 
experienced by the f1bres is 20 and 70 times greater than that of the matnx for a GAP 
and CFRP respectively (Figure 5.1) because of the large d1fference in the moduli of the 
matrix and f1bres. Therefore ~ is not unreasonable to ~gnore the matrix comnbution when 
predicting the failure stress follow1ng a ROM approach. 
The predicted compress1ve failure stress overestimates the experimemally 
obtained failure stress by more than 20% in most instances (Table 4.1 and 4 8). Such 
overestimates arise because of the assumptions on which the ROM is based (Section 
5.1.1). The implications of some of these assumptions are d1scussed below : 
• F1rst there is an assumption about the cntical fibre stress used in the ROM. The 
fibre failure stress stated by the manufacturer IS the average f1bre failure stress. In 
practice the f1bre strength IS non-umforrn. The f1bre strength d1stnbution IS a resu" of a 
d1stnbution of Imperfections along the f1bre filaments. Also the ultimate failure stress of 
the f1bre filaments depends on the fibre-length used for testing; the f1bre strength 
decreases with increasing f1bre length<194-193>. The average f1bre failure stress used in 
the ROM should thus be based on the same f1bre length as that of the actual composite 
material . A further assumpt1on made is the est1mate of the f1bre compressive strength, 
as th1s property IS difficult to est1mate it IS often taken as 90% of the tensile value for 
carbon f1bres in the lrterature 
• The relationship between stress and apphed strain is essentially linear at low 
load levels. At higher load levels, near the ultimate failure stress, the stress-strain 
relatiOnship deviates slightly from linearrty as discussed in Section 5 3.2. In the literature 
the assumption of linear elasticrty for a f1bre reinforced epoxy composae (thermosetting 
matrix) is often accepted(159). 
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• The imtial stress free state of a lamonate depends on the nature of the matrix and 
reinforcement as described in more deta11 in Section 2.6. The greater the m1smatch 
between the coefficients of thermal expansion of matrix and l1bre the greater the 
thermally Induced stresses These stresses are present 1n the laminate pnor to testing 
and should be taken into account when studyong the ultimate failure stress of the 
composite. 
• The experimentally determined void content was neglig1ble for the thermoset 
matnx composites, making the assumption of a void free laminate acceptable 
• The assumption that fibres are homogeneous IS acceptable for glass f1bres, but 
is not acceptable for carbon fibres which are highly anisotropic{20) 
• MICroscopic stud1es revealed better f1bre alignment 1n the thermosets than in the 
thermoplastic matnx composites stud1ed. Several authors noted the detrimental effect of 
f1bre misalignment on the compress1ve failure stress as discussed in more detail in 
Section 2 4.1. 
• The CFRP composites exh1brted a h1gh 1nterlaminar shear !allure stress 
indiCating a good Interfacial bond However the interfac1al f1bre-matrix bond IS by no 
means perfect The GRP composrtes exh1bited lower Interfacial bond strengths, hence 
contributing to the greater deviation between theory and experiment. The Interfacial bond 
strength was regarded as a govem1ng factor when determ1ning the compressive strength 
(Section 2.4.1) 
• The manufacture of the prepreg tape cannot ensure that the fibres are uniformly 
d1spersed 1n the matrix and this resutts in res1n nch and resin deficient areas which, in 
tu m, affect the compressive strength (Plate 4.12) (SectiOn 2 4.1). 
5.2 Unidirectional hybrids -Thermoset matrix composites 
Th1s section descnbes the compressive behaviour of thermoset matrix 
composites and related lractograph1c studies. The term "thermosetting matrix 
composites• refers to F1bredux 913, epoxy matrix composites. 
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5.2.1 The compresslve secant modulus 
A plot of the measured secant modulus versus the relative carbon f1bre volume 
fraction, .P,/<!>1• shows a linear relationship (Rgure 4.1). The linear relationship remains 
valid for hybnds having either GRP or CFRP reinforced surface layers (F~gures 4.2 and 
4.3). 
Rgure 52 g1ves a graphical representation of the ROM applied to unidirectiOnal 
hybrid systems. The po1nt A in Rgure 5.2 represents the measured secant modulus of a 
GRP (i e. zero carbon f1bre volume fraction) lammate and the point B represents the 
measured secant modulus of a CFRP (i.e. zero glass fibre volume fraction) laminate. 
The equatiOn of the line AB (ROM) can be expressed as : 
E $, E $, E c =- 1'1'+- •1'1' $, $, (5.3) 
As the contnbut1on of the matrix towards the modulus of the composite is very small, it 
has been ignored The subscnpt "grp• and "cfrp" refer to the measured value for the 
GRP and CFRP lam1nate. 
The linear regression coeff1c1ents and the error bars assoc1ated with indiVidual 
data points on the graph indicate that the ROM is an acceptable model for assessing 
the secant modulus of unidirectional hybnds. Such agreement between the theoretically 
predicted modulus and the observed modulus has been reported by many authors 
(127.56.1291. That the measured secant moduli follow the ROM closely IS not surprising as 
the key factors affecting the composite hybrid modulus are the fibre modulus and f1bre 
volume fraction. 
The stackmg sequence does not appear to have any obvious effect on the 
secant modulus (Table 4 4). This is to be expected as the fibre-volume fractions and/or 
fibre type were not aHered w1th1n a given set of stacking sequences. 
5.2.2 The compresslve failure stress 
• Rule of mixtures for hybrid configurations 
When considering the failure stress of a umd1rectional composite the uHimate 
failure stress 1s def1ned as the stress at whiCh the structure loses its load carrying abilrty. 
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The stress at failure versus the relat1ve carbon f1bre volume fraction shows a linear 
relationship (ROM), which IS acceptable in terms of the overall linear regression 
coeffiCient and the experimental vanation associated w~h the individual data po1nts 
(Rgures 4 5 and 4 6). The relationship between the fa1lure stress (ere) and the relative 
carbon f1bre volume fraction can then be wntten as : 
- 4>, 4>. CJc- -cr,., +-cr.frl' $, $, (5.4) 
The subscr1pt "grp• or "cfrp" refer to the measured failure stress of GRP or CFRP 
laminates respectively. 
Towards higher glass contents the failure stress of hybrids w~h GRP surface 
layers appears to exceed slightly the failure stress of hybrids wrth CFRP surface layers 
(Rgure 4.4). Possible reasons for this w1ll be discussed in Section 5.3 3. 
The scatter of the measured stress at fa1lure resutts for a particular hybrid 
configuration was greater than for the secant modulus resutts as indicated by the 
coefficients of variat1on (Tables 4 4 and 4 5). This vanallOn of the composrte strength is 
not entirely due to manufacturing defects but is 1nherent to the material In contrast to 
homogeneous materials, the fa1lure stress for remforcing fibres is not consistent. An 
average f1bre strength IS quoted by the manufacturer but the fa1lure stress of individual 
f1bres w1ll vary about this mean value. Th1s distnbution in f1bre strength is translated into 
the strength of the actual composrte, resultmg in a greater scatter of resutts between test 
spec1mens from the same lam1nate. 
• Hybrid effect 
The compos~e failure stress taken as the stress in the hybrid corresponding to 
the failure strain of the lower elongation phase (dashed line 1n Rgure 4.4) is descnbed by 
the following relatiOnShip : 
CJc = E.e.frl' [second failure cnterion) (5.5) 
The quest1on whiCh needs to be answered about hybnd1sat10n is "does 
hybridisatiOn lead to a pos~ive hybnd effect ?". 
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In terms of the stress at failure a pos1tive hybnd effect can be defined as a positive 
deviation from the second la1lure cntenon, 1.e. a positive deviation from the expected 
hybnd failure stress assum1ng failure to take place at the failure strain of the low 
elongation phase : 
(56) 
In this case the h1gh elongation l1bres (glass l1bres) are not able to sustain further load 
levels when the low elongation fibres lad and therefore a total loss of the load bearing 
capab11ity of the compoMe sample follows. 
According to th1s del1nrt1on unidirectiOnal hybrids with a thermosetting matrix 
and glass or carbon l1bre re1nlorced surface layers all exhiMed a poSitiVe hybrid effect in 
terms of the ultimate failure stress (F~gures 4.4) Introducing GRP layers in a CFRP 
enhances the la1lure properties of the CFRP because GRP possesses a higher fracture 
toughness. This enhancement is in the form of a delay 1n crack initiatiOn which gives rise 
to a failure stress higher than that predicted by Equation 5 4. 
5.2.3 The compresslve failure strain 
• Experimental results 
A second order relationship IS observed between the experimentally obtained 
stra1n at failure and the relative carbon f1bre volume fraction, cl>c!~· In addrt1on, the 
nature and the number of a certain type of surface layers (GRP or CFRP) has a large 
influence (Figures 4 7 and 4.1 0). 
Unidirectional hybrids with glass f1bre remlorced surface layers exh1bit the 
lollow1ng relationship, based on the data 1n F1gure 4.8 : 
(5.7) 
r 2 =91.8% 
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The best fitting relat1onsh1p for unid1rect1onal hybrids with carbon f1bre reinforced surface 
layers, based on the data used in Figure 4 9, is : 
(5.8) 
The constant term 1n Equations 5.7 and 58 represents the failure stra1n of a GAP 
lammate and falls wrthin the 90% confidence Interval of the measured composrte failure 
strain of 2 07%. 
There appears to be a tendency for the h1gher glass f1bre content hybrids 
(c>c!~ below 0 3) with GAP surface layers to fail at a slightly higher stra1n than hybrids 
wrth CFAP surface layers (Figure 4 7) A s1mllar trend was observed for the failure 
stress (Figure 4 4). 
As will be discussed in Section 5 2.4 the compress1on failure mechanism is one 
of micro-instab1lrty. The carbon f1bres cannot withstand such high strains on fibre 
buckling as the glass f1bres before failing. Severe f1bre buckling of the glass f1bres was 
observed during post-failure examination. On buckling the carbon f1bres fracture lead1ng 
to a progressing fracture surface front 1n the CFAP layers. For hybrid composrtes with 
GAP surface layers, and a high glass f1bre content (low <>c!c>1), the crack which formed in 
the CFAP layers can be partially arrested by the GAP zone as the glass f1bres will further 
buckle in compressiOn. Th1s would explain the slightly higher compressive failure strain 
and stress for the low carbon content materials. This phenomenon was much more 
pronounced for the thermoplastiC matrix compos1tes (Section 5.3.4). 
• Hybrid effect 
As can be seen from the graph of stra1n enhancement as a funct1on of the total 
number of glass layers in the hybrid composrte (Figure 4.1 0), every hybrid configuration 
exhibits a failure stra1n higher than that of the lower elongation component. The failure 
strain enhancement of the low elongation phase, CFAP, is represented by zero percent, 
1.e. for a laminate containing no glass fibres. The failure strain enhancement increased 
from 36% to 78% when decreasing the relative carbon f1bre volume fraction from 0 88 to 
0.38 respectively. 
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A positiVe hybrid effect wrth regpect to the failure strain is defined as the straui 
enhancement observed over the failure strain of a CFRP lammate. The hybrid effect 
was checked statistically, using 99%, 95% and 90% confidence 1ntervals based on a 
student-! d1stnbution (Appendix C). At the 90% confidence interval every laminate 
passed, 1 e. all the hybrid conf1gurat1ons exh1b~ed a positiVe hybrid effect. Even at the 
95% and 99% confidence intervals the maronty of the samples, 93% and 79% 
respectively, exh1bited a positive hybrid effect. 
In the past the hybnd effect, in terms of the strain at failure, has been partially 
attributed to the presence of thermally 1nduced strains but 1n most cases rt was 
concluded that these strains only contnbuted to a minor part of the overall ultimate strain 
(56,123,136,122). These strains are generated on coohng the laminate from the moulding 
temperature and are a d1rect result of the mismatch in the coefficients of thermal 
expansion of the constrtuent phases of the composrte structure. The magnitude of these 
residual strains is often smaller for thermosetting than thermoplastic matrices. As the 
residual thermal strains are very small 1n composites w~h a thermoplastic matrix they do 
not adequately explain the posrt1ve hybnd effect observed in this case. 
5.2.4 Fractography of compression tested samples 
Compressive failure was 1n all cases catastrophic. After the maximum stress 
was reached, ultimate fa1lure occurred wrth complete loss of the load bearing capability 
of the structure As failure was sudden and catastrophic it was often difficult to establish 
the exact failure-mode by post-failure examination. As stated by other authors (SectiOn 
2.4.3) the initial failure mode IS not necessarily the same as the final failure mode. Post-
failure examination gives an indication of the mode of u1t1mate failure. Also, care is 
needed when interpreting the fractographiC evidence. Fa1lure d1d ncrt often result in two 
separate fracture surfaces as, 1n general interlocking of the fracture surfaces occurred 
after ultimate failure (Plate 4 1 ). This could lead to extensiVe delaminations and 
longitudinal splitting whiCh obliterated the true failure mechanism. As noted by other 
authors 1t was somet1mes difficult to assess whether delaminations and longitudinal 
sphtt1ng occurred before or after fallure(74,63), 
• Fractography of monofibre composites 
Post-failure examination of GRP laminates showed severe longitudmal splrtting 
and the rema1ns of a kink band structure (Plate 4 2) 
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Compression loading induces transverse stresses due to the different Poisson's 
ratios of the matrix and the f1bres which means that the matnx and f1bre expand (in the 
plane perpendicular to the applied load) by different amounts. These transverse tensile 
stresses are low in magnnude compared to the apphed compressive stress but the 
transverse tensile failure stress is also low [57 MPa] compared to the longitudinal 
compressive failure stress [852 MPa]. The ratio of transverse tensile fa1lure stress to 
long1tud1nal compressive stress is approximately 0.07. Therefore 1t IS qurte possible that 
these transverse stresses cause f1bre-matnx debonding. 
If it 1s assumed that the predominant failure mode of GRP laminates is 
longitudinal splitting the long1tud1nal compressive failure stress can than be estimated 
as(115): 
(5.9) 
In this formula the compressive modulus of the f1bres is taken as 90% of the tensile fibre 
modulus. The transverse tensile failure stress and Poisson's rat10 were obtained 
experimentally. For a GRP laminate, the theoretical calculation predicts a failure stress 
of 1147 MPa whereas the measured value is 852 MPa. Therefore the predicted and 
measured fa11ure stress values for a GRP laminate are 1n reasonable agreement given 
the assumptiOns made. Fibre-matnx debonding is therefore most likely to occur based on 
this calculation, and 1ndeed, th1s type of failure was obvious from post-fa1lure 
exam1nation. 
A"hough longitudinal splnting was an observed failure mode 1n GRP laminates it 
does not mean that no other fa1lure modes occurred. As interfacial failure reduces the 
lateral support of the f1bres th1s may then facilitate other failure modes such as f1bre 
buckling, kinking, etc. This might then explain why post-failure examination showed signs 
of a kink band structure (Plate 4.1 ). 
The predominant failure mode in the case of the high tensile failure stress [XAS] 
carbon fibre reinforced samples was kink band formation. Longitudinal splitting was also 
observed in CFRP but much less frequently than for GRP. The kink band geometry is 
shown schematically in Fgure 2.13. 
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When predicting the compressive failure stress, assum1ng the predominant 
fa1lure mode to be longitudinal splitting (Equat1on 5.9), a theoretiCal failure stress of 
2638 MPa was obtained Th1s predicted failure stress is much higher than the measured 
value of 1201 MPa These resutts suggest that the failure mode of CFRP laminates is 
very unlikely to be longitUdinal splitting and indeed, this was supported by post-failure 
observations 
Fa1lure of CFRP laminates resuHed 1n complete separation of the fracture 
surfaces and therefore an intact kink band structure was riot observable 1n monofibre 
CFRP laminates. However post-failure examination of unidirectional hybrids showed a 
typical kink band structure w~hin the CFRP layers (Plate 4.6). 
The fracture surfaces of a CFRP laminate showed a step-like appearance (Plate 
4 3) and the f1bre ends on the fracture surface show two distinct areas, typical of a f1bre 
which has failed by buckling These two areas correspond to the compressive and 
tensile stress d1stnbutions across each f1bre which resuH from f1bre buckling. 
These observations suggest that f1bre fa1lure at the kink band boundanes g1ves 
rise to the step-like appearance of the fracture surface of a completely separated, 
fractured C FR P sample 
The fracture hne 1n the CFRP lam1nates had an inclination to the f1bre axis of 
approximately 70 degrees This angle was an average value taken from samples in 
which the fracture line was clearly defined. The angle was determ1ned from optiCal 
micrographs and also macroscopically using a shadowgraph. 
The lower fa1lure strain of the carbon f1bres (ratio of failure stra1n of carbon to 
glass being approximately 1 to 2) suggests that carbon fibres will be more likely to fail at 
the kink band boundary than the less brrttle glass f1bres. F1bre fractures at the kink band 
boundanes resuHed in a well defined k1nk geometry compared to the GRP laminates 
where the fibres buckle more gradually in the general vicinity of the k1nk band boundary. 
Glass fibres are able to buckle more before fracturing as can be seen from the 
microscopic studies Depending on how soon the displacement was stopped after 
ultimate fa1lure, the GRP kink bands were confined by gradual fibre bending near the 
boundaries or by fractured f1bres 
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Post-failure macroscopiC exam1nat1on of the fracture surface of carbon f1bre 
reinforced lam1nates d1d not sat1sfactonly distinguish between f1bre k1nk1ng and shear 
failure. 
• AHhough shear failure IS expected to occur on a plane at 45 degrees to the 
f1bre axis (Rgure 2.12), the presence of 1nhomogentlies usually makes this 
angle nearer to 60 degrees. Therefore the failure angle alone is not sufficient 
to distinguish between shear and micro-buckling. Th1s angle was extremely 
d1fl1cult to measure as the edge often had a ragged appearance or followed, in 
many instances, the end-tab contours. 
• Because of the catastrophiC fa1lure event and the addrtional diSplacement 
wh1ch occurred after failure, the carbon f1bre segments that were part of the 
k1nk band were randomly displaced, w1ping out most signs of the kink band as 
seen in Plate 4.4. This, together wtlh addrt10nal compress1ve d1splacements 
after failure, destroyed most of the ev1dence of miCro-buckling as indicated by 
the relatively smooth fracture surface (Plate 4.4). 
A smooth fracture surface and the onenta!IOn of the fracture surface are often 
stated as ev1dence for shear fallure(129.88). This can be very m1sleading wrthout having 
undertaken a deta1led microscopiC study of several fracture surfaces. Careful 
microscopic examinat1on of the entire fracture surface revealed areas which were rather 
smooth but showed some evidence of micro-buckling, i.e. the stepped fracture surface. 
However the major part of the CFRP sample showed a very distinct step-like 
appearance. The fact that the carbon f1bre reinforced laminate failed by k1nking was 
most clearly seen in umdirectional hybrid conf~gurations (Plate 4 6) where complete 
separatiOn of the fracture surfaces did not occur on uH1mate fa1lure. 
This section has considered both fibre miCro-buckling and f1bre kinking. For 
this work in the case of a CFRP, the f1bres buckle and break at two locations due to the 
very brittle nature of the carbon f1bres wh1ch then trigger the failure of neighbouring 
f1bres lead1ng to a rap1d propagation of the fracture zone. Finally further rotation of the 
fracture zone occurs resulting in a k1nk band geometry. Brittle fa1lure occurs leaving a 
relatively smooth fracture surface of whiCh the pieces could •easily be reassembled". 
Hahn and other researchers also descnbed f1bre kink band format1on as a resuH of f1bre 
micro-buckling (Section 2.4.3). The fact that fibre micro-buckling is the precursor to the 
format1on of a kink band was indicated by post-failure examination in some instances. 
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Fibres fa1led when a cnt1cal buckling strain was reached and is schematically presented 
in F1gure 5.3. 
• Fractography of hybrid composites 
The hybrid laminates failed 1n a Similar way to the1r parent matenals in terms of 
the angle of the failure zone and fa1lure mode. Both CFRP and GRP failed by micro-
instabilny and the GRP showed addrtiOnallongitudinal spht!lng. As the amount of calbon 
fibre (replac1ng the glass fibre in a GRP laminate) increased, the failure mode changed 
from one governed by longitudinal splrtting and kink band formation observed (in GRP) 
to one dom1nated by kink band formation for glass-calbon hybrid configurations. 
Post-failure exammation of a hybrid contaimng calbon f1bre reinforced surface 
layers 1s shown in Plate 4.5 Both the CFRP (Plate 4.6) and GRP (Plate 4.7) layers 
show a typical kink band geometry. For a hybrid wnh CFRP surface layers fracture 
inniation occurred in the outer calbon layers 1n the vicinity of the end-tabs because this 
is an area prone to stress concentrations. After failure 1nrt1at1on, propagation wrthin the 
CFRP surface layers occurs rapidly and the fracture plane may be diverted into a 
longitudinal crack at the glass-calbon phase boundary Th1s may then be followed by 
crack propagation through the 1nner glass layer. D1version of the CFRP crack, oriented at 
an angle to the f1bre direction, 1nto a long1tud1nal crack at the CFRP/GRP boundary was 
observed in some hybrid configurations but 1t was d1fficutt to assess whether this was due 
to post-failure damage lnstabilrty of the calbon f1bres leads to Immediate fibre failure 
because of their very bnttle nature. 
The failure stra1n of the glass fibres is approximately twice that of calbon fibres. 
Consequently, the glass f1bres can wrthstand fibre buckling to a greater extent as was 
noticed in some hybnd configurations composed of CFRP surface layers. After the CFRP 
had fractured the inner GRP layers showed severe bending before fracturing. 
The GRP phase in a hybrid composrte appears to exert a stabilising effect on 
crack propagation in the CFRP layers which resutts in a fa1lure strain higher than that of 
a CFRP laminate. The stabilising effect of GRP is only apparent for high glass contents. 
More fibres break when the buckled glass fibres reach their crrtical strain level. The crack 
then propagates through the rest of the GRP layers in the structure, leading to complete 
failure. 
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Mult1ple f1bre breaks can be seen 1n the CFRP kink band (Plate 4.5). This has 
been attnbuted to the propagation of the buckling wave(86l. The f1bre fragments are 
about 22 to 30 IJlll long and the total length of the kink band (li') be1ng approximately 
120 IJlll (Rgure 2.13). Rbres of this length were observed on the fracture surface of a 
monof1bre CFRP composfte as tilted or loose f1bres on the fracture surface. Th1s 
provides further evidence for the theory that failure was by kink band formation. 
The average angle of inclination between fracture hne and fibre axis for all 
hybnd conf1gura110ns was between 60 and 70 degrees. The k1nk band angle (a) wrthin 
CFRP was between 20 and 30 degrees. A similar k1nk band angle for CFRP has been 
noted by other authors<86> The kink band angle for GRP was difficult to measure 
because, 1n most cases, the kink band boundary was poorly defined. 
In terms of the failure mode the compressive failure observed is a type of 
instabllfty occurnng on a micro-scale and is not to be confused wfth macro-1nstabilfty 
such as Euler buckling As the matnx Initially supports the fibres against buckling, it 
has a direct effect on the compressive properties. Also defects, such as f1bre 
misalignment and voids, introduce stress concentrations and therefore play a crucial role 
1n determining the failure stress. 
5.2.5 The interlaminar shear strength 
The ILSS was measured using the short span flexure test which causes failure to 
occur by shear along the fibre d1rect1on and not by flexure. The measured ILSS IS 
affected by the type of matrix and the f1bre-matnx interface. In th1s case the test gives 
an indication of the qualrty of the f1bre-matrix bond. The ILSS of CFRP is h!Qher than 
that of GRP, wh1ch infers that the Interface in a CFRP lam.nate is better than that in GRP 
laminates. 
5.3 Unidirectional hybrids- Thermoplastic matrix composites 
This section regarding thermoplastic matnx composttes discusses the 
compressive and tensile behav1our as well as the related fractographic studies. The 
actual mechanisms of tensile behaviour are briefly d1scussed as the tensile resuHs are 
considered merely in relation to the observed trends 1n compression. The term 
"thermoplastic matnx composrtes• refers to Avtel, polyphenylene sulphide matrix 
composttes. 
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5.3.1 Crystallinity of thermoplastic matrix composites 
The degree of crystallinity greatly affects the mechaniCal properties of semi-
crystalline thermoplastiCS, e g PPS (Section 2.1 4). An increase 1n crystallinity generally 
corresponds to an increase in the modulus, a reduction 1n the strain at failure and 
fracture toughness. Depend1ng on the degree of crystallinny the failure strain can vary 
from 2% to 20o/o(22l Hence, 11 IS important that the degree of crystallinity of the PPS 
thermoplastiC matnx IS constant for all mould1ngs so that rts influence on the mechanical 
properties IS the same 1n all cases. Brady(40lnoted that the crystallisation rate of PPS is 
so high that mould1ngs about 3 mm thickness exh1bn a crystallinHy gradient. Therefore to 
achieve a umform and reproducible degree of crystallinrty and morphology all 
thermoplastic matrix laminates were annealed. In this work all the measured mechanical 
properties of the PPS thermoplastiC matrix composrtes correspond to an overall 
crystallinny of nom1nally 58"/o. Th1s nominal value was achieved by annealing samples 
at 205°C for two hours 1n accordance wrth the matenal manufacturers recommendations. 
The manufacturers recommend anneahng of the moulded laminates in order to 
reduce the res1dual thermally induced strains preserrt after moulding. Res1dual induced 
strams may be removed from the neat matrix by annealing due to uniform corrtraction 
upon coohng. However, this IS not the case for composne materials. Expenmerrts to 
determ1ne the magMude of the residual stra1ns, both before and after anneahng, 
1nd1cated that annealing at 205°C for two hours 1ncreased the magnnude of the residual 
strams 
Differerrtial scanning calonmetry (DSC) traces clearly indicated that after 
anneahng at 205"C, the crystalhnrty of the moulded laminates increased from 33% to 
58% (Table 4.23) The DSC scan of an annealed mould1ng does not exhibit a 
crystallisatiOn exotherm, IndiCating the max1mum degree of crystallinHy has been 
attained (F~gures 4.39 and 4 40). This was arrticipated as the recommended annealing 
temperature (205"C) is approximately halfway between the glass transHion temperature 
(86°C) and the melt1ng temperature (279°C) (Table 4.22), and is the max1mum or the 
optimum crystallisation temperature. The DSC traces of annealed samples showed an 
endotherm approximately 15 cerrt1grade higher than the annealing temperature (Rgure 
4 40). Cole(39) attnbuted th1s to a secondary crystallisation process occurring during 
anneahng. 
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The increase 1n crystalhnrty, hence densijy, dunng annealing resutted in 
shrinkage of the semi-crystall1ne thermoplastic matrix and gave rise to the noted 
increases 1n thermally induced stra1ns in the orthotropic laminates. Annealing of the f1bre 
reinforced laminates therefore not only 1ncreased the crystallinijy (Table 4.23) but also 
increased the magnijude of the thermally induced strain (Tables 4 20 and 4 21). This 
1ncrease in res1dual strains after annealing may lead to micro-cracking in some 
lnstances(139l, pnor to testing. These thermally induced strains were small along the f1bre 
ax1s but were much higher in the transverse directiOn However tests to determ1ne the 
thermally mduced strains as a resutt of annealing indicated that the resulting strains were 
unhkely to cause micro-cracking when comparing the magnijude of the induced thermal 
strains w1th the failure strain of the matrix. 
V1sual examination did reveal m1cro-crack1ng parallel to the fibre direction in the 
transverse plies of b1d1rectional GAP lam1nates, confined by the longitudinal plies (Plates 
4.15 and 4.16). This however did not seem to exh1bij a negative influence on the failure 
stress of the lammate in companson wijh the values predicted by Laminate Theory. 
According to Garret!, transverse cracking is inijiated at a strain level of 0 4% wrth the 
spac1ng between the cracks being dependent on the thickness of the transverse plies and 
the applied stress(195). The crack spacing 1ncreased wrth increasing thickness of the 
transverse plies<196>. The value for the onset of transverse cracking observed by Garret 
corresponds wijh the expenmentally determined thermally induced strains 1n the 
transverse d1rect1on. Atthough this transverse cracking did not seem to have a 
detrimental effect on the failure stress, 1t does restrict the use of bidirectional laminates 
in engmeenng applications. This IS particularly important in cases where the component 
is exposed to wet or chemical enwonments. Garret! further descnbed this onset of 
miCro-cracking to be a function of the matnx strain(195) An increase in the failure strain ., 
of the matrix could 1nh1b~ transverse crack1ng to much higher strain levels. Here, 
annealing increased the matnx crystalhn~y to a great extent hence lowering the failure 
strain of the matnx. Plate 4.16 shows the crack propagating along the fibre-matnx 
interface, and occasionally through f1bres. Crack inrtiat10n and propagation w1ll follo,w the 
weakest points in the material, which usually means the fibre-matrix Interface. Cleavage 
of the f1bres might have occurred prev1ously, i e e1ther a weakness Inherent to the f1bre 
or during moulding Fibres which are aligned along the ax1s of compaction wijh no 
Intermediate resin might break or generate h1gh local stress concentrations lead1ng to 
fibre breakages upon loadmg. 
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5.3.2 The compresslve secant modulus 
The secant modulus increased linearly wrth 1ncreasing relat1ve carbon f1bre 
content, <l>d<l>t• for all hybrid conftgurations (Ftgures 4 15 and 4.16). As for umdirectional 
hybrids w~h a thermosetting matnx, the secant modulus of hybrids wrth a thermoplastiC 
matnx obeys the rule of mixtures (Ftgures 4.1 and 4.14). As the measured secant 
modulus was determined in the hnear region of the stress versus stratn relationship and 
as all of the const~uents behave elastically, agreement w1th the ROM is not surpnsing. 
The effect of the stacktng sequence, i.e. the number of GRP layers on the 
surface for a constant <l>d<l>1• was negligible (Figure 4.17). 
The degree of scatter in the secant modulus resutts for umdirectional hybrids 
wrth GRP surface layers was higher than that for hybrids wrth CFRP surface layers 
(Rgure 4.15 and 4.16). 
5.3.3 The compressive stress-strain relationship 
In the case of CFRP the secant modulus decreased as the strain increased 
(Rgure 4.11). The behav1our of GRP laminates differed in that the secant modulus was 
independent of the stra1n (Rgure 4.12). W1th hybrid composttes the relationship between 
stra1n and modulus veered towards that of the domtnant f1bre type (Rgure 4.13). 
This phenomenon cannot be entirely attributed to the nature of thermoplastic 
composites. ThermoplastiC matrix composrtes are descnbed as non-hnear viscoelast1c 
matenals<159l. Therefore the slope of the stress-stra1n relationship might differ for tensile 
and compressive loadings, i e the modulus is dependent on the strain Also the rate of 
load1ng affects the modulus of viscoelastte matenals. 
Several authors have noted the dependence of modulus on strain when testing 
CFRP, thermosetting matrix compos1tes. Krets1s attnbuted the decrease in modulus of 
a CFRP at higher compressive strain levels to the onset of m1cro buckling. Kretsis(124) 
descnbed this as being due to fibre micro-buckling occurnng at lower strain levels. In this 
wotk both CFRP and GRP compos~e systems failed by micro-instabtltty and therefore 
the explanation put forward by Kretsis is not universally applicable as GRP does not 
exh1b~ a decrease in modulus before fa1hng. As the failure mode does not directly 
expla1n the vanation of modulus wrth stra1n the reason may be found elsewhere, e g. the 
nature of the f1bre (Rgure 5 4) 1tself and not just the failure mode. 
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Compress1on of carbon f1bres reduces the alignment of the internal carbon fibrils, whiCh 
could lead to a reduct1on in the compress1ve modulus with strain. 
When companng the tensile modulus behaviOur as a functiOn of strain for 
monofibre composites the opposrte was found. The CFRP modulus increases (Rgure 
4 28) wrth increasmg strain while the GRP modulus (Rgure 4 27) decreases with 
increasing stra1n. 
In tension the composite modulus is governed by the f1bre properties. An 
1ncrease in the CFRP modulus with strain can occur due to the straightening of 
misaligned f1bre f1laments at h1gher load levels. Fibre straightening however is not 
regarded as the ma1n reason for the increase 1n modulus as 1t is not observed in GRP 
tens1le samples. Therefore 1t is thought that the ma1n reason for the increase of the 
CFRP modulus wrth strain has to be found in the nature, i e the internal structure, of the 
fibre itself. On tensile load1ng of carbon f1bres an increase in modulus wrth increasing 
strain m1ght be due to irrtemal alignment of the carbon fibnls. This stra1n st1ffening of the 
carbon f1bres upon tens1le loading has been noted by Beetz(197) 
5.3.4 The compresslve failure stress 
• The experimental results for the failure stress 
The best f1tting curve obta1ned for the composrte strength (ac) of unidirectional 
hybnds, hav1ng carbon f1bre reinforced surface layers, as a function of the relative 
carbon fibre corrterrt {lj)Jijl1) is given by the follow1ng formula (Rgure 4.20) : 
(5.1 0) 
The best fitting curve in the case of unidirectiOnal hybrids with glass fibre re1nforced 
surface layers is represented by (F1gure 4.19): 
(5.11) 
The constant1n the above two equations represerrts the failure stress of a GRP laminate 
and falls within the 90% confidence 1rrterval of the measured compos1te failure stress. 
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The effect of stacking sequence on the fracture stress of thermoplastic matrix 
composites is much more pronounced than for thermoset matrix composites. For an 
identical relat1ve carbon f1bre volume fractiOn, c!lc/411, the failure stress of hybnd 
conf~gurations w~h carbon f1bre reinforced surface layers (CGC) was lower than for 
conf~gurations w~h glass f1bre remforced surface layers (GCG) as can be seen in Rgure 
418. 
In the case of unidirectiOnal hybrids w~h a thermosetting matrix a similar effect 
was not as apparent, anhough there IS a slight indication of an 1ncrease in the failure 
stress for hybrids w~h GRP surface layers and a low relative carbon f1bre volume fraction 
(c!lc/411 below 0.3). 
Knowing that the type of reinforcement in the surface layers plays a v1tal role in 
determin1ng the magn~ude of the failure stress the effect of 1ncreasmg the number of 
GRP surface layers (constant 4>0 and 419) was investigated. Increasing the number of 
glass f1bre reinforced layers on the outer surface of the hybrid 1ncreased the failure stress 
. (Rgure 4.17). 
Overall the scatter encountered in the measured failure stress of thermoplastic 
matrix composites was greater than that for the thermosetting matrix composrtes and 
should be borne 1n mind when interpreting the experimentally obtained resuns. The 
scatter encountered 1n compression data for identical lay-up configurations in both 
thermoset and thermoplastic matnx composites is partially due to the strength 
d1stnbution of the f1bres. Contnbutory factors to the greater overall scatter in 
thermoplastic matnx compos~es data m1ght be attrtbuted to the qual~y of the prepreg 
and moulded laminate. 
• The thermoplastiC matnx composites have a wider d1stribut10n of fibre diameter 
(Plate 4.12) and a higher degree of f1bre misalignment compared w~h the thermoset 
matrix composites. 
• The effect of local fibre misalignment is especially detrimental to the 
compressive failure stress. This effect has been noted by several authors and is 
d1scussed in more detail1n SectiOn 2.4. Fibre misalignment was observed after polishing 
prepreg samples, taken along the f1bre directiOn, and v1ewed by optical microscopy or 
after res1n bum off. M1croscopy also revealed resin rteh and resm starved areas. 
115 
• ThermoplastiC matrix compostte mould1ngs also had h~gher void contents than 
did the thermoset matrix composrtes. The void content, which was negligible in the case 
of thermoset matrix compoSites, reached an average value of around one percent in 
thermoplastic matrix compoSites. 
The resin rich areas, f1bre m1sal~gnment, fibre d1ameter distnbution and voids can 
generate areas of local weakness. lt 1s generally accepted that failure inrtiation is 
facilitated in areas of the least lateral support or where stress concentratiOnS are prone to 
arise. There is then the hkehhood of failure occumng at decreasing stress levels wtth an 
Increasing number of lam1nate defects. This explains the higher scatter observed in 
thermoplastic matrix compos1tes 
• Adapting the ROM as a failure criterion of hybrid composites 
The stress at failure versus the relative carbon f1bre content data indicate that 
the rule of m1xtures over prediCts the fracture stress (F~gure 4.18). 
This discrepancy may be partially explained by the voids present in the laminate 
and part1ally by the fact that the two materials do not fail Simultaneously. The melt 
viscostty of polyphenylene sulphide 1s approximately 104 times higher than the viscosity 
of the epoxy at the appropriate moulding temperature. Therefore the processing of 
polyphenylene sulphide lam1nates 1s merely a s1ntering of the constrtuent prepreg layers 
and hence, voids and a random void d1stnbU1ton are more hkely to be produced due to 
air entrapment. Attempts to reduce the vo1d content by increasing the consolidation 
pressure m1ght not necessanly enhance the compress1ve failure stress as f1bre 
m1sahgnment is hkely to become more pronounced. Thermosetting matrix systems, 
because of their low "melt" v1scosrty, do not experience this problem. Also the difference 
in prepreg thickness between the GRP and CFRP thermoplastic matrix prepreg layers 
demanded the use of different spacers when moulding different hybrid configurations. 
The use of these different spacers may affect the 1am1nate properties. 
• Hybrid effect 
A second failure crrterion can be developed in terms of the hybrid effect. The 
failure of the structure can be assumed to take place at the fa1lure strain of the low 
elongation phase, i.e. at a constant critical strain level. The corresponding hybnd failure 
stress is then the stress level in the hybr1d associated wrth the failure strain of the low 
elongation phase based on the modulus of that phase 
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A posotive devoatoon (i e an increase on the magnrtude of the failure stress) from 
the predocted value is regarded as a synergostic or posrtove hybnd effect. Whether 
hybridosation resuHs in a positive hybnd effect depends on the hybnd configuratoon and 
relative carbon fibre volume fractoon : 
• Followong this defonrtoon the hybrid composrtes wtth glass fobre reinforced surface 
layers exhobrted a posrtove hybnd effect (Figure 4.19). 
• Hybrids wtth carbon fibre reonforced surface layers showed overall a much lower 
positive hybrid effect and did not exhobrt a hybrid effect for a clldcllt greater than 0.3 
(Figure 4.20) Therefore carbon fibre reinforced surface layers are not as 
beneficial as GRP surface layers in terms of their effect on the composrte failure 
stress. 
In the thermoset matnx composrtes the difference in the observed hybrid effect 
between CFRP and GRP surface layers is only noticeable at high glass fobre oorrterrts 
(clldcll1 below 0 3). 
The effect of the stackong sequence on the failure stress might be explaoned by 
the lower fracture toughness of a PPS matnx oompostte. The fracture toughness of PPS 
is very low compared to other ondustnally omportant thermoplastics (Table 2 2). In the 
literature ot was found that the fracture toughness (G1cl of a CFRP/PPS matnx 
compostte os approximately 40% lower than that of a GRP laminate (Table 5.1). This 
lower fracture toughness of the CFRP surface layers might then explain the dependence 
of the failure stress on the stacking sequence. 
The end-tab junction acts as a local stress raoser. Near the end-tabs some fibres 
woll reach a cmical stress level at an earlier stage than those parts of the fobres remote 
from the end-tabs. As failure os due to fibre instabohty a crack is most likely to be inttiated 
in the VICinity of the end-tabs and near a free edge, as this gives an area of the least 
lateral support. Post-failure examonatoon clearly showed failure inttiation near the end-
tab. When fobres fail, neighbounng fibres experience a stress perturbation and more 
f1bres break 1n this region. Due to the low fracture toughness of CFRP a crack will 
readily propagate through the CFRP outer layers. For hogh relat1ve carbon fibre oonterrts 
this will resuH in ultimate faolure occurnng near to the failure strain of the CFRP. 
Therefore hybrid conf1gurat1ons wrth CFRP surface layers w1ll fall prematurely compared 
to confogurations with GRP surface layers 
117 
A model to predict the fracture stress of unidirectional hybrids wrthout using 
intricate stat1st1cal techniques or finite element analys1s has been proposed by Yao and 
workers(131). However, the model was not venfied wrth experimental resufts and the 
failure stress of unidirectional hybrids calculated from their model differed SignifiCantly 
from the resun obta1ned during the course of this investigation. 
The model consists of three contributory factors : 
i. Matnx 
ii. LE f1bres (carbon f1bres) 
1ii. HE fibres (glass fibres) 
The overall stress 1s dominated by the LE f1bres. The contnbution of the HE fibres and 
matrix as shown in Rgure 4 21, can be ~gnored. According to the model, failure stresses 
up to 10 GP a in the case of a CFRP laminate are predicted. For a CFRP this is 90% 
higher than the experimentally obta1ned value in compressiOn. In terms of tensile 
strength the model overestimates the fracture stress by 80%. In comparison, the ROM, 
which is a Simpler model, pred1cts a closer f1t (Table 4.8) than the proposed model of 
Yao 
5.3.5 The compresslve failure strain 
• The experimental results 
As ttie stress-strain relat1onsh1p for CFRP is non-linear the stra1n at failure IS 
non-linear w~h respect to the relat1ve carbon f1bre content. As for the fracture stress, the 
strain at fa1lure IS lower for un1d1rect1onal hybrids wrth carbon f1bre reinforced surface 
layers compared w~h hybrids having glass fibre reinforced surface layers (F~gure 4.22). 
• Hybrid effect 
A poSitive deviation from the failure strain of a carbon f1bre reinforced laminate 
is denoted as a poSitiVe hybrid effect or synergistiC effect. That undirectional hybrids 
exh1bited a pos~ive hybrid effect was checked statiStiCally (Append1x C). 
• Accord1ng to th1s definrtion all unidirectional hybrids containing glass fibre reinforced 
surface layers exhibited a poSitive hybrid effect at the 90 and 95% confidence 
Intervals (Rgure 4 23) 
• Hybrid conf~gurat1ons w~h CFRP surface layers d1d not exh1b~ a positive hybrid effect 
for a relative carbon f1bre volume fract1on, c!>Jc!>1• higher than 0 2 (Rgure 4.24). 
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The poss1ble failure stra1n enhancement 1s shown more clearly in Rgure 4.25. 
The magnrtude of the positive hybnd effect 1s greater for hybrids wrth GRP surface 
layers. Plac1ng the carbon fibre re1nforced layers on the surface only resuHs in a positive 
hybnd effect 1f the hybnd has a high glass content (<lld<llt below 0.2). For higher carbon 
contents (<ll.,l<ll1 above 0 2) the fa1lure strain (and failure stress as discussed previously) 
reduces to a similar value to that of a CFRP laminate. 
Several authors explained that the positiVe hybrid effect was related to the 
generat1on of thermal strains in the laminate when cooling from the moulding 
temperature to ambient temperature (SectiOn 2.6). Therefore an attempt was made to 
assess the magnrtude of the thermally 1nduced strains. By applying Timoshenko's theory 
of a bimetallic strip the magnitude of these thermal strains could be obtained in the 
directions normal and perpendiCular to the f1bre direction wrthm the longitudmal plies 
(Table 4.20 and 4 21). These residual strains were small and therefore could ncrt fully 
explain the positive hybnd effect encountered in some unid1rect10nal hybrids with glass 
f1bre reinforced surface layers. 
5.3.6 Fractography of compression tested samples 
Compressive failure was catastrophiC. For all hybnd configuratiOns a complete 
loss in the load beanng capability was experienced after reaching the peak stress. Most 
failures imtiated near the end-tabs. 
• Fractography of monofibre composites 
Post-fa1lure exammat10n showed the formation of a kink band structure for both 
GRP and CFRP. The GRP laminate also exhibited some longrtudinal split1ing. 
1t is poss1ble to assess whether failure is dominated by longitudmal sphtting from 
Equation 5.9 If longitudinal splrt1ing is dominant then the prediCted failure stress for this 
mode and the measured failure stress would be similar. In the case of a GRP laminate a 
theoretical failure stress of 718 MPa was prediCted and a value of 1018 MPa was 
observed in practice. Therefore it was diff1cult to determ1ne conclusively whether 
longitudinal splrt1ing was a failure mode or whether it was produced by addrt10nal 
compress1on after failure. 
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In contrast to GRP, longitudinal splitting is unlikely in CFRP (supported by post-
failure examination) as the theoretical compress1ve la1lure stress, as determined by 
EquatiOn 59, is 2546 MPa which is much greater than the expenmental value of 1166 
MP a. 
The predominant failure mode for both GRP and CFRP was by kink band 
formation. The typ1cal kink band structure for GRP was best seen in post-failure 
examination of hybrid coni!Qurations (Plate 4.11 ). Post-failure examination showed a 
broader kink band in GRP than 1n CFRP composrtes and kink band boundaries were ill 
defined due to severe f1bre bending (Plate 4.8). 
Post-failure examinat1on of CFRP composrtes Indicates a stepped fracture 
surface (Rgure 4.9). In hybrid configurations where the fracture surfaces have not fully 
separated, the typical kink band geometry was noticed. Fracture occurs at the kink band 
boundary due to the bnttle nature of carbon f1bres. 
• Fractography of unidirectional hybrids 
As d1scussed prev1ously (SectiOn 5.3.3 and 5.3.4) the positiOn of the glass fibre 
reinforced block 1n the hybnd has a pronounced effect on the stress and strain at failure. 
Glass fibre reinforced surface layers enhance the mechaniCal properties. 
A micrograph of a 2G 5C/ unidirectional hybnd (Plate 4.1 0) shows failure of the 
inner, CFRP layers and severe buckling in the GRP outer layers. The outer glass fibre 
remforced layers stabilise or bndge the advancing crack produced in the CFRP layers by 
f1bre buckling. When the glass f1bres reach their critical buckling strain crack propagation 
in the glass layers will occur lead1ng to ultimate !allure 
lt IS thus poss1ble that plane buckling of the f1bres will give nse to a kink band 
(Rgure 5 3). Th1s kink band can show fibre breakages 1n the case of carbon fibres or 
berth severe bending and fibre breakages 1n the case of glass fibres. 
lt can be concluded that compress1on failure of thermoplastiC matrix composnes 
is by micro-instabllrty as was observed for the thermoset matrix composrtes (Section 
5.2.4). The qualijy of both the laminate and the prepreg will therefore be of prime 
importance. 
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5.3.7 The interlaminar shear strength 
The ILSS of a CFRP was greater than that of GRP which suggests that the 
interfacial bond is better 1n the case of CFRP laminates. However, in the case of 
composrtes w~h a thermoplastic matrix a bending type of failure was observed (Figure 
4 26). Atthough this 1s an acceptable mode of failure according to the RAE, ~ is often not 
considered to be a true interlammar (shear) failure and should therefore be treated wfth 
care. Because of the different type of failure in thermoplastic and thermoset matrix 
compos~es the ILSS cannot be compared d1rectly 
This Inference is supported by fractograph1c observations of transversely 
oriemed samples which show more evidence of f1bre-matnx debonding in GRP samples 
(Plate 4.17) The fact that the 1nterfac1al bond appeared to be better in the case of CFRP 
was also apparent when look1ng at tensile fracture surfaces of a transversely oriented 
sample. The fracture surface of GRP shows the presence of res1n free f1bres (Plate 
4.14), as the matnx had peeled from the fibres in comparison to CFRP samples (Plate 
413). 
5.3.8 The tensile stress-strain relationship 
As ment1oned already (Sect1on 4 4.7) due to the d1fficutties of measuring strains 
after the peak load, the time axis was drawn instead of the actual stra1n level to give the 
general trend. Deformation which occurs prior to the maximum stress can be associated 
w~h the 1n~1ation of failure, the subsequent decrease in load carry1ng ability is then 
assoc1ated w~h propagation of the fa1lure locus. Fa1lure propagation IS assoc1ated with 
visible sample damage up to the po1m of complete loss of load carrying capab1l~y of the 
sample. Th1s IS typified by gross sample deformation, d1simegration and separation of 
the fracture zones 
In tens1on, unidirectional hybrids w~h a high glass to carbon contem (cllc!cllt below 
0.5) exh1b~ed a more gradual loss of the load beanng capabll~ (Figure 4.29). For 
higher carbon coments (cllc!cllt above 0.6) the hybrids exh1Med a more brittle behaviour, 
the sample 1nstamly los1ng ~s load beanng capabil~ on reach1ng the maximum stress. 
This br~le behaviour observed at h1gh carbon f1bre volume fractiOns corresponded to a 
zero hybnd effect in terms of the failure stress. 
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For hybnd composnes wrth hiQh carbon coments, fa1lure of the CFRP plies was 
very localised, whereas hybrids wrth high glass coments showed failure 1n the CFRP 
plies throughout the ent1re gauge-length. 
For laminates in wh1ch the f1bre stacking sequence consisted of attemating 
blocks of glass and carbon lam1nae the load increased linearly up to the peak load. This 
was followed by complete loss of load bearing capabilrty, even when the relative carbon 
fibre volume fraction (41c!41J was less than 0.6 (Rgure 4.30). Therefore the f1bre stacking 
sequence (410 and q,0 constam) appears to have a pronounced effect on the stress versus 
strain behav1our. An 1ncrease 1n the number of layers in the GRP block (Rgure 4.29 to 
4 31) gave rise to the gradual fa1lure mode after reaching the peak load. 
As carbon fibres fall the load IS red1stnbuted to neighbouring f1bres. In the case 
of a hybrid composed of attema!lng GRP/CFRP layers th1s 1nfers that the ad1acem GRP 
layers may have to sustain extra load levels transferred from broken carbon fibre 
segments from both ne1ghbounng CFRP plies. The single GRP layers are not able to 
wrthstand these extra loads and sudden failure follows. Hence, the attemating GRP-
CFRP hybrids fa1led suddenly, 1n a brrttle manner. If the number of layers 1n the GRP 
block is 1ncreased, the glass fibre block is able to wrthstand a greater local 1ncrease in 
load after failure of the CFRP phes, resutting in a more gradual failure pattern. 
5.3.9 The tensile secant modulus 
The tensile secant modulus increases linearly wrth Increasing carbon content. 
The secant modulus is not affected by the type of reinforcement in the surface layers for 
a constant q,.,tq,1 (Rgure 4 32). The experimental resutts are in good agreement with the 
ROM pred1ct10n based on the linear regressiOn coeff1c1ent and the scatter of the 
individual test resutts. The fact that the tensile secant modulus can be predicted by the 
ROM is not surprising as this property is mainly dependent on the f1bre volume fraction 
and f1bre modulus. 
When comparing the tens1le and compressive moduli of GRP laminates a slight 
decrease in modulus was noted for a tens1le mode of load1ng. The glass f1bres whiCh 
have a much greater diameter (approximately three times the average carbon fibre 
diameter) and are less brrttle than the carbon fibres. Hence, the glass f1bres are better 
able to resist f1bre buckling, giving a slightly higher modulus in compression than in 
tension. 
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5.3.1 0 The tensile failure stress 
• Experimental results 
Hybrid compositions wrth GRP surface layers exhibit a greater fracture stress 
(Rgure 4.34). The failure stress (ere) ts related to the relative carbon fibre volume 
fraction (4>c!4>1) for hybrids wtth GRP surface layers by (Ftgure 4 34) : 
(5.12) 
and for of hybrids wrth CFRP surface layers by (Figure 4.34) : 
(5.13) 
The constant in these equations represents the failure stress of a GRP laminate, and is 
wrthin the 90% confidence interval of the measured GRP fatlure stress. 
• Failure criteria applied 
When comparing the measured data wrth a ROM predtction, the experimerrtally 
obtained values were all lower than the ROM predtclion (Rgure 4.33). Rgure 4.33 
shows two failure crrteria supenmposed : 
i. The ftrst crrtenon based on the ROM (line AD), over predicts the tensile response 
of unidtrectional hybnds. 
ti. The second failure crrterion is composed of two irrtersecting hnes (AE and BD) 
(Rgure 2.17). 
• The hne BD assumes that total failure occurs at the failure strain of the LE 
phase which is assumed to be a constarrt value, the HE phase not being able to 
sustain further load levels. 
• The line AE represents the line where the GRP reinforced phase can sustatn 
further load levels after fat lure of the LE phase (BC). 
The failure stresses of hybrids with CFRP surface layers fall outside the tnangle 
ADC, espeetally for high relattve carbon ftbre volume fractions (4>c!4>t above 0.4) showing 
the detnmerrtal effect of carbon when placed tn the outer layers. 
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Descnbing a positiVe hybnd effect as a pos~tve deviatiOn from the line BD shows 
that all the hybnd configurations containing GRP surface layers exhtbited a positive 
hybnd effect for higher glass contents ('c!'1 below 0 5). No positive hybnd effect was 
observed for hybrids w~h CFRP surface layers. Hence, hybridisation resuHed in 
composrte fatlure taking place at the failure stress of a CFRP compos~e with the 
exceptiOn of hybrids (having a 'c!'t below 0.5) wrth GRP surface layers (Ftgure 4.33). 
The dtfference between the tensile and compressive fracture stress increases 
wrth increasing relattve carbon ftbre volume fraction, 'c!~· (Ftgures 4 35 and 4.36). 
The fact that the fatlure stress ts higher in tenston than compresston can be explained by 
the type of fatlure mode and laminate defects. 
The detnmental effect of catbon fibre buckling on compressive loading means 
that they can wrthstand a much lower degree of loadmg. In tenston this failure mode 
(mtcro buckling) is not encountered and therefore gives rise to a htgher failure stress for 
CFRP lamtnates. Addrttonally, tenstle properties are much more ftbre dominated than the 
compressive properttes whtch are largely affected by lamtnate defects (Sectton 2 4.1 ). 
5.3.11 The tensile failure strain 
The failure stratn of hybnds with glass ftbre reinforced surface layers was greater 
than that of hybrids with catbon fibre retnforced surface layers (Rgure 4.37). Thts was 
anticipated tn view of the fat lure stresses of these hybrid configurations. 
In terms of the tensile failure strain a posttive hybrid effect is defined as a 
positive devtatton from the failure strain of the LE component. A posttive hybrid effect is 
readily seen from the graph of strain enhancement versus the percentage of glass layers 
in the laminate (Rgure 4.38) and was checked stattsttcally at a 90%, 95% and 99% 
confidence tntervals (Appendtx C). Regardtng hybndtsatiOn with respect to its magnrtude 
and whether a posrtive hybrid effect was found, the following observations were made : 
• In order to obtatn a synergistic or posttive hybnd effect tn hybrids with GRP 
surface layers the relative carbon ftbre volume fractton (,c!,1) must be less than 
0.5 and was checked statisttcally. 
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• When checking the hybnd effect statistically, none of the lay-up configurations with 
CFRP surface layers exh1brted a poSitive hybnd effect. However, extrapolation of 
the expenmental resu~s indicates that a positiVe hybrid effect would be expected 
for relatiVe carbon f1bre volume fract1ons ('c!'J below 0 2. 
Compared to the compress1ve stram enhancement factors the observed posrtive 
hybrid effect is smaller 1n tension (FIQures 4.25 and 4 37). Therefore, the mechanical 
test and/or load1ng mode appears to be a contnbutory factor. In tens10n a notch or imtial 
crack will be opened due to the nature of loading, which will result in a more rapid crack 
propagation and failure. Also, the carbon f1bre properties are better utilised in tension 
than in compression The compress1ve fa1lure stress in tension of a CFRP composite is 
35% lower than the tensile failure stress. GRP lam1nates exhibit a similar failure stress 
in both modes of loading Therefore a much higher glass f1bre volume fraction will be 
needed 1n order to wrthstand the 1ncreased stress after failure of the CFRP phase. The 
actual difference in failure stress between the two types of loading appears to be very 
influential in determimng the magnrtude of any observed hybrid effect in practice. 
5.3.12 Modelling of unidirectional composites 
When modelling the mechanical response of umd1rect10nal composrtes the 
secant modulus IS modelled in a d1fferent way to the failure stress The hybnd composite 
modulus was found to follow the ROM pred1ct10n closely 1n this study for both thermoset 
and thermoplastiC matrix systems as has been observed by many authors. The fact that 
the ROM pred1ct1on was followed is particularly advantageous as the only factors 
required are the monofibre lam1nate modulus and fibre volume fraction. 
However, the ROM prediction of the failure stress is not always good but upper 
and lower boundaries can easily be determined. The upper boundary is predicted 
according to the ROM. The lower boundary is determined by assuming that failure 
occurs at the failure strain of the lower elongation component. The stacking sequence 
has a significant effect on the compressive behaviour and is more pronounced for the 
thermoplastic matrix compoSites. The effect of the stacking sequence is probably 
related to the fracture toughness of the surface layers. When these types of matenal 
are modelled the vast number of variables mvolved IS quickly realised, some of which 
are extremely difficult to quantify, e g fibre misalignment, as is obvious from the study 
carried out by Yurgartis(198l. 
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Ideally, to model the compress1ve fa1lure stress, the model should account for 
the following : 
• f1bre volume fract1on 
• matrix volume fraction 
• fibre failure stress distnbution 
• matrix failure stress 
• void content 
• shear modulus of the matnx 
• f1bre misalignment 
• Interfacial bond failure stress 
• diameter of the f1bres 
With this number of variables a simple model is d1fficult to establish. 1t would also 
require the analys1s of more composrte materials in order to ach1eve a better 
understanding of the effect of the dominant variables. The defects could be grouped as 
a single correction factor but this would not 1mprove the srtuation when investigating a 
new system as the correct1on factor would depend on the qualrty of both the laminate and 
prepreg. Extensive expenmental analysis would st1ll be necessary to determine the 
correction factor before any failure stress values could be predicted. 
5.4 Compression testing -The Ceianese Fixture 
The acquis~ion of precise compressive mechanical data is vital for the 
successful design of structural components. However the lack of one universal 
compression test method or specimen configuration makes comparison of values from 
the literature extremely difficult. A further complication is the considerable degree of 
scatter inherent in compressiOn test data. This is pnmarily due to the large number of 
failure modes which are poss1ble. Factors such as laminate imperfections, voids, 
misalignment of the f1bres, specimen misalignment 1n test fixtures, and specimen 
geometry all affect the compress1ve stress considerably and therefore different 
compressive strengths for the same material are often reported by d1fferent authors. 
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The Celanese f1xture IS a widely used compress1ve test f1xture. The advantages and 
disadvantages encountered in thiS work wrth the Celanese fixture are descnbed below : 
Advantages : 
• The major advantage of the Celanese fixture is the relatively small test piece required {130 
mm by 10 mm and an average thickness of about 2 mm). The small sample size is 
advantageous because more test pieces can be produced from a single laminate which 
reduces the test piece preparation time and cost. 
Disadvantages : 
• The need for accurate alignment of the sample wtthin the jig wh1ch requires close 
tolerances on the cut edges 
• 1t is important to ensure surface rather than line contact of the coniCal surfaces of the test 
fixture. Vanations in the thickness of the glue-line, the aluminium end-tab and wtthin the 
laminate must be mimm1sed. When testing d1fferent matenals or hybnd configurations 
consisting of lam1nae of d1fferent thicknesses the spacer thickness IS cntical to ensure a 
proper fit (Plate 3 1) The spacer thickness was calculated from the overall sample 
thickness. Filling different spacers 1n the jig for each test piece is time consum1ng. Such 
problems do not arise when the ITTRI fixture is used. 
• W1th the Celanese jig load IS transferred from the testing machine to the spec1men via 
shear through the end-tabs. Stress concentratiOns arise In the viCinity of the end-tabs. ThiS 
is a problem for most methods in which straight sided test coupons wrth bonded on end-
tabs are used These stress concerrtrations, often give nse to failure inttiation near the end-
tab. 
5.5 The transverse compressive behaviour of GRP and CFRP laminates 
Tables 4.9 to 4 12 show that the measured transverse, compressive and tensile properties 
are much lower than the measured long1tudmal propert1es The ratio of the measured 
longitudinal to transverse moduli is approx1mately four for GRP and greater than ten for CFRP 
for both modes of load1ng. The ratiO of the longitudinal to transverse compress1ve failure stress 
is approximately eight for both CFRP and GRP lam1nates. 
In a tensile mode of load1ng this ratio is much h1Qher (> 20) for berth GRP and CFRP which 
indicates that the f1bre properties are better translated in tension than in compression. 
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In compression lam1nate defects and matnx properties play a crucial role in the translation of 
the f1bre strength. 
The reinforcing effects, est1mated from the ratio of the compos~e and matnx moduli 
(EcJEml are given in Tables 4.9 to 4.12. In terms of the transverse secant modulus a small 
reinforcing effect (EcJEm equals 3) is noted for both modes of loading and both materials. In 
the longitudinal directiOn, the reinforcing effects (EcJEml 1ncrease to greater than 30 for CFRP 
and 10 for GRP respectively. 
When comparing the transverse failure stress of the matrix and compos~e. the fibres did 
not improve the composite strength and 1n some cases resuHed in a composite strength lower 
than that of the unreinforced matnx. A negatiVe remforcing effect (acJam below 1) was noted 
for a tensile mode of loading In compression a slight reinforcing effect (acJam = 1.2) was 
noted for CFRP whereas for GRP this was only 0 9 The fact that the tensile mode exhibited 
overall a lower remforcing effect might be due to the fact that the transverse compressive 
strength was less sensrtive to imperfections. Imperfections will play a crucial role 1n the 
transverse tensile behaviour and can be in the form of interfacial defects, voids and crossing of 
fibres which can introduce high local stress concentrations. 
SEM examination of the tensile and compressive fracture surfaces of transverse 
reinforced GRP lammates showed exposed f1bres, wrth httle adhenng matnx matenallelt on the 
fibres, indicating that the fracture occurred mainly along the f1bre-matrix interface (Plates 4.14 
and 4.19). A post-failure examination of the fracture surface of transverse CFRP laminates 
showed carbon fibres coated with matrix material (Plate 4.13) for a tensile and compressive 
mode of loading. Therefore, fa1lure of the transverse CFRP lam1nates occurred ma1nly w~h1n 
the matrix. These· findings IndiCate a stronger fibre-matrix interface for CFRP laminates in 
comparison wrth GRP laminates, th1s was apparent for both modes of loading Similar findings 
were observed for the interlaminar shear strength of GRP and CFRP thermoplastic matnx 
compos1tes. The ILSS of the GRP laminates were lower than those of the CFRP laminate also 
the ratio of the failure stress of the composite to matnx was slightly higher for the CFRP 
laminates (acJaml 
The mechamcal propert1es of transversely oriented f1bre re1nforced laminates are strongly 
influenced by the interfacial bond as the structural integrity is dependent on the interfacial 
strength. lt is obv1ous from both the mechamcal test results and the SEM analysis that the GRP 
laminate had a poorer interfacial bond than that of the CFRP. 
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In thermoplastic f1bre remforced lam1nates interfaCial defects can be generated by the high 
processing temperatures inherent to the production of thermoplastic prepreg. These w1ll 
damage the glass f1bre binder to a greater extent than the carbon f1bre binder. As the 
transverse properties are strongly influenced by such laminate defects, this would contnbute to 
the scatter encountered in the experimental resutts. 
5.6 Bidirectional thermoplastic matrix composites 
The tens1le and compressive responses of bidirectional thermoplastic matrix 
(polyphenylene sulphide) composrtes are discussed in this sectiOn. Attention is paid to 
theoretiCal modelling of the1r behav1our using predictions based on Laminate Theory followed 
by an introduction to f1mte element analysis (FEA). 
5.6.1 The effect of stacking sequence 
The effect of the stacking sequence on the measured mechanical properties was assessed 
by exchanging the longitudinal blocks w~h transverse blocks in a bidirectional compos~e. The 
resutts obtained are d1scussed in two ma1n groups, depending on whether the bidirectional 
lam1nate was a monofibre or hybnd lam1nate. 
5.6. 1.1 Bidirectional monofibre laminates 
• Compressjve behayjou r 
A slight increase in the average compress1ve failure stress was observed when 
sandwiching transverse GAP layers wrth longrtudinally oriented GAP layers as compared wrth 
the exchanged configuration (F~gure 4.41). Lam1nate Theory predicts that the transverse layers 
will be the f1rst to fad 1n this case. Cracks generated in the transverse layers along the f1bre 
direction at lower load levels w1ll be confined by the longitudmal layers. This inh1b1t1on of 
cracks generated 1n the transverse plies can then explain the slightly h~gher expenmentally 
observed fa1fure stress. 
Fractographic studies revealed that the bidirectional laminates 1n compressiOn failed in 
a similar fashion to their parent materials (Plate 4.17 and 4.18). The longaudinallayers showed 
the typical stepped or columnar fracture surface, as seen in the unidirectional laminates, which 
are a resutt of f1bre m1cro-buckllng and/or kink band formation. The transverse layers failed at 
an angle of 45 degrees, 1n a plane such that no fibre damage occurred 
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Delaminations were in~iated at the failure locus of the transverse plies at the interface between 
0 and 90 degree oriented lam1nae. There were s1gns that d1vers1on of the failure zone from 
along the fibres in the transverse layers, to along the interface, where the laminae onentation 
changed, may have prevented d1rect crack propagation through the outer longrtudinal layers. 
Therefore, the 1mllal crack whiCh developed in the transverse plies was confined by the 
longitudinal GRP layers. Due to this d1vers10n of the fracture plane, the outer GRP longitudinal 
layers sustain their load bearing capabllrty. Final failure occurred when the long1tud1nal plies 
failed due to severe buckling at the kink band boundaries. The fact that multidirectional 
laminates show excess1ve delaminations has been noted by several other authors<81•125>. 
The behaviour of the CFRP bidirectional laminates in compression was qurte d1fferent to 
that of the GRP bid1rect1onal laminates. The highest failure stresses were ach1eved when 
sandwiChing the longitudinal CFRP layers wrth transverse layers (Rgure 4.43). This 
enhancement in the failure stress when sandwiching the CFRP longrtudmal layers wrth CFRP 
transverse layers can be partly attnbuted to the lower fracture toughness that the longitudinal 
CFRP phes exh1b~. A further contributory reason might be that placing the CFRP transverse 
layers on the surface releases the stress concentratiOns generated near the end-tabs by the 
formation of cracks along the f1bre axis in that region at an early stage of the test. However, 
addrtional work needs to be carried out in order to evaluate the magnitude of the fracture 
toughness for long~udinal and transverse CFRP and GRP layers 
• Tensile behaviour 
In tension the effect of changing the stack1ng sequence in monofibre bidirectional 
composites was not s1gmficant (F~gures 4.41 and 4.43). The difference 1n failure mode between 
tension and compression can explain this result. In compression the failure mode is governed 
by micro-instabllrty whereas in tension the failure behaviour is governed by the fibre properties. 
Therefore, any factor which will increase the likelihood of micro-instabllrty (e.g. reduced lateral 
support) will cause the compress1ve failure stress to decrease whereas the tensile failure stress 
will tend to remain unchanged. 
5.6.1.2 Bidirectional hybrid laminates 
• Compressrve behaviour 
The effect of the stacking sequence in bidirectional laminates composed of GRP 
long~udmallayers and CFRP transverse layers was not clear (Rgure 4.47). 
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A htgher failure stress was observed when sandwichirtg the GRP longitudinal layers by 
transverse CFRP layers when e1ght of the fourteen lam1nae were oriented parallel to the 
load1ng direction (Figure 4 47) A poss1ble explanation for this phenomenon may be the extent 
or severity of t~e delammations occurnng at the CFRP-GRP interface (Plates 4.17 and 4.18). 
Th1s was greater in bidirectional hybrids than in monof1bre bidirectional laminates because of 
Poisson's ratio differences and thermal expansion effects. Severe delammat10ns separated 
blocks of different f1bre onenta!IOn, hence the individual layers tended to behave more as 
separate ent1ties Any increase in the thickness of the longitudinal reinforced block therefore 
reduces instability at lower load levels. However, it was difficult to assess whether the severity 
of these delaminations was a result of post-failure damage. A further explanation is that the 
outer transverse layers act as a support for the 1nner longitudinal layers, which may reduce 
Instability at lower load levels and therefore result 1n a higher composrte failure stress. 
Bidirectional hybnd laminates composed of CFRP long1tudmal layers and GRP transverse 
layers gave a higher composite strength when the lor~gitudinal CFRP layers were placed in the 
1nner layers of the laminate (F1gure 4 45) for a similar reason to that given above. 
Therefore, in terms of the compress1ve fa1lure stress, 1t is advantageous not to place the 
longitudinal CFRP layers on the surface of a monof1bre or hybnd bidirectional laminate. 
• Tensile behay1oy r 
The stacking sequence had no apparent effect on the failure stress of hybrid bidirectional 
lammates composed of GRP longrtud1nallayers and CFRP transverse layers (Figure 4.47). 
In tension the possible support that the transverse layers offer in delay1ng Instability of the 
longitudinal layers is not important because of the difference in failure mechanism. Hence, the 
effect of stacking sequence was negligible. 
For hybrids composed of CFRP lortgltudinallayers and GRP transverse layers the tens1le 
failure stress increased slightly when placing the CFRP in the inner layers hence following a 
similar trend to that observed in compressiOn however th1s was difficult to quant1fy due to the 
overlap of the 90% confidence intervals of the measured values (Figure 4 45). This effect 
might again be attnbuted to the lower fracture toughness of the lor~gitudinal CFRP layers. 
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5.6.2 The effect of fibre orientation 
• Compressjye behay1our 
Replacing six and e1ght lam1nae of the inner longitudinal layers wnh transverse layers in a 
umdirect10nal monof1bre compos~e (GRP and CFRP), reduced the measured composite 
compressive failure stress {F!Qures 4.41 and 4 43). The decrease in mechanical properties 
when increasing the percentage of transverse layers 1n a laminate was anticipated because of 
the high ratios of the longitudinal to transverse failure stress and secant modulus. Most of the 
applied load in a bidirectional lam1nate is borne by the longnudinally reinforced layers. Also 
important is the effect of the stacking sequence, as discussed in more detail in the previous 
section, which can affect the magmtude of the observed change (F~gure 4.43). . 
Hybrid b1direct1onallaminates showed a Similar trend (Figures 4.49 to 4 52) 
• Tens1le behay1our 
The average tensile strength also decreases when increasing the number of transverse 
layers in the laminate. The stackmg sequence in this case does not have such a pronounced 
effect as for the compressive mode of loading (Rgures 4.41 and 4 43). 
A s1milar observation was made when replac1ng longitudinal layers in a hybrid bidirectional 
1am1nate (F~gures 4 49 to 4 52). 
5.6.3 The effect of the type of reinforcement 
The effect of the type of reinforcement was studied by changing the type of reinforcement 
in the longitudinal layers of the bidirectional laminates, while maintaining the f1bre orientatiOn of 
the individual laminae 
5.6.3.1 The failure stress 
• Compressjye behavjour 
In compression the effect of replacing GRP longrtudinallayers by CFRP longitudinal layers 
on the surface of the laminate as compared to those in the core of the bidirectional laminate 
was very marked. Replacing longitudinal GRP surface layers by CFRP longitudinal layers in a 
bidirectional monof1bre (GRP or CFRP) lammate decreased the compress1ve failure stress 
(F!Qures 4.53 and 4.54). 
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Replacement of GAP by CFAP longitudinal layers 1n the core of a bidirectional lam1nate 
resutted 1n an increase in the failure stress only 1f the surface layers were composed of GAP 
transverse layers (Figure 4.55). 
From the above effects it can be seen that the stacking sequence in a bidirectional 
lam1nate is very Influential in determ1mng the overall effect when replacing GAP by CFRP 
longitudinal layers. Atthough the failure stress of CFRP is slightly higher than GAP (ratio of 
1.1) replacing CFRP layers by GAP will not necessarily resutt 1n an enhancement of the 
composrte failure stress. When replacing surface, longitudinal GAP layers wrth CFRP the 
much lower fracture toughness of the CFAP longrtudinal layers in comparison to the GAP 
longitudinal layers caused a decrease in the composite failure stress. In the case of a 
bidirectional laminate where GAP transverse layers are on the outer surfaces the failure stress 
increases when replac1ng the GAP longrtud1nal by CFRP longitudinal layers. This was believed 
to be due to stress relief at the end-tabs Th1s occurs at lower stress level for GAP due to the 
weaker fibre-matnx interface therefore crack inrtiation occurs at a lower applied stress. Hence, 
the stress at the crack tip Will be lower in the case of GAP transverse layers and therefore the 
crack is less likely to propagate into the longitud1nal1nner layers. 
• Tensile behay1our 
When replacing GAP by CFAP 1n the outer or inner longitudinal layers of a monofibre 
bidirectiOnal laminate an enhancement in the tensile failure stress was observed in all instances 
(Rgures 4.53 to 4.56). The magnrtude of this 1ncrease grew when replacing more GAP with 
CFRP longitudinal layers. This increase IS expected because of the much higher failure stress 
of a CFRP laminate compared to a GAP laminate 1n tension. The ratio of the tensile CFRP to 
GAP failure stress is 1 6 whiCh is much higher compared to compression because the tensile 
properties are governed by the f1bre propert1es and the f1bre properties are better translated into 
the composite's behaviour. 
5.6.3.2 The modulus 
The measured modulus increased when replac1ng low stiffness plies (GAP) by higher 
stiffness plies (CFRP) for both tens1on and compression (Table 4.24). This increase is 
anticipated when calculating the ratio of the CFRP to GAP long1tud~nal modulus, whiCh is 
greater than two for berth modes of load1ng . 
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5.6.4 Laminate Theory 
The effect on the mechanical propertieS of replacing longrtud1nally remforced layers wnh 
transversely ~riented layers for both modes of load1ng was assessed and compared wnh 
Lam1nate Theory The values predicted by Laminate Theory are superimposed on Rgures 4.41 
to 4.51. The predicted properties of the bidirectional lam1nates were denved from the 
expenmemally obtained propert1es of the unidirectional laminates. Laminate Theory however 1s 
based on many idealisat1ons and does not take into account the effect of ply 1meractions or 
fracture mechanics as will be d1scussed later in this chapter. Also, 1t assumes linear elast1c 
behaviOur and, in the case of bidirectional laminates, that they are not subjected to 
delaminations upon loading. Therefore the theoretical prediction w1ll often overestimate the 
measured propert1es. 
A further major drawback of Laminate Theory is that 1t does not take into account the 
composne stacking sequence when assess1ng the mechanical properties. Therefore, 1t is not 
poss1ble to make pred1ct1ons about the effect of stacking sequences. 
5.6.4.1 Laminate Theory ·The tensile failure stress 
Overall reasonable agreement was found between Lam1nate Theory predictions and 
measured values 1n the case of CFRP and GRP monof1bre and hybnd bidirectional laminates 
(Rgures 4 41,4.43 and 4.45,4.47) 
The transverse layers fall at an early stage during the test and as such their 
contribution to the final failure stress IS apparemly negligible. Therefore, the composrte failure 
stress for these matenals can be predicted by assuming that the applied force on the composrte 
structure is entirely borne by the longrtud1nallayers. The resutt 1s a very good approximation to 
the value predicted by Laminate Theory and greatly simplifies the calculations. A justification 
of thiS simplification is that the transverse layers suffer from m1cro-crack1ng dunng coohng from 
the processing temperature and therefore carry neghg1ble load. 
Lam1nate Theory is based upon the assumpt1on that phes will fail at the tensile failure 
stress of the relevam parent matenal at a simuttaneous strain. In practice the crack resutting 
from failure of the transverse layers is d1verted at the transverse/longnudinal interface. This 
d1vers10n of the crack along the interface resutts 1n separation of the structure into transverse 
and longitudinal blocks wh1ch act as separate bod1es This IS thought to d1minish poss1ble 
imeractions between plies, hence the structure has the u1t1mate fa1lure characteristics of the 
parem material composing the longnudmal plies. 
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If the predicted and measured compostte strength of CFRP bidirect10nallam1nates and 
a hybrid bidirectional laminate w1th longitudinal CFRP layers are compared it is observed that a 
negative deviation from the Lam1nate Theory value occurs (F~gures 4 43 and 4.45). This is true 
if the compos1te structure possesses more than 50% of ~s laminae perpendicular to the load1ng 
direction The observed deviatiOns may therefore be partially explained by ply interactiOn or 
changes in failure mode when introducing plies oriented perpendicular to the loading direction. 
In the monof1bre long1tud1nal materials longitudinal sphttlng occurs over the ent1re gauge-
length. The Introduction of transverse phes can alter this failure pattern. As the transverse 
plies fail the load IS redistnbuted to neighbouring plies. The failure locus then becomes a weak 
point 1n the structure where further crack propagation may occur. ThiS is especially so for 
bidirectional laminates wrth CFRP longitUdinal layers which have a relatively low fracture 
toughness. 
lt is more hkely that f1bre fa1lures will accumulate in these weakened regions, rather than 
elsewhere in the specimen, until the cross-sect1on has weakened to such an extent that 
ult1mate failure occurs. Th1s premature failure resuHs 1n a failure stress lower than that 
prediCted by Laminate Theory. 
Therefore 1n bidirectional laminates composed of CFRP longitudinal layers, the number of 
transverse layers Will play a cruc1al role in determimng whether premature failure will take place 
or not. As the number of transverse layers increases, the load required to cause failure of the 
transverse layers will also 1ncrease. A po1nt will be reached where the stress intensifiCation at 
the advancing crack tip, in the failing transverse layer, will be sufficient to cause failure of the 
neighbouring longrtud1nallayers. That IS rather than be1ng diverted along the ply interface. 
5.6.4.2 Laminate Theory· The compresslve failure stress 
Good correlation wrth Lam1nate Theory was found in the case of CFRP laminates when 
sandwiching the longitudinal CFRP layers between CFRP transverse layers (Rgure 4 43). The 
failure stress pred1cted by laminate Theory IS greater than the measured failure stress when 
placing the long~udinal layers on the surface of the CFRP bidirectional laminate. The reason 
for this is that stress concentrations generated near the end-tab region together w~h the low 
fracture toughness Inherent to the long1tud~nal CFRP layers cause premature failure. Laminate 
Theory does not take into account the poss1bilrty of stress intensifiCation at d1scontinuities 
hence in this case will overpredict the failure stress. 
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In general good correlation existed between the values predicted by Laminate Theory and 
those observed for the compress1ve failure stress of GRP bidirectional laminates (Figure 4.41) 
Therefore the s1mphf1ed theory that the overall failure stress is determined solely by the 
longitudinal layers was acceptable in this instance. The much tougher GRP layers would be 
less susceptible to stress imenslfiCaliOn 1n the end-tab region, 1n comparison to CFRP, resuH1ng 
1n a better correlation between the prediCted values based on Lam1nate Theory and the 
experimemal values. 
Lam1nate Theory greatly overestimates the failure stress of bidirectional hybnds 
composed of CFRP longrtudmallayers and GRP transverse layers (Figure 4.45). The deviation 
from the prediCted failure stress is greater for the bidirectional laminates where the CFRP 
longitudinal layers are placed on the surface. This observed negative effect is attributed to the 
low fracture toughness inherem to CFRP long1tudmal layers and in particular to the decreased 
lateral support whiCh plays an 1mportam role in deterrnimng the compressive failure 
mechanism. Th1s IS especially so for hybrid lam1nates where severe delammat10ns are 
observed between the different blocks of f1bre reinforcemem. 
Laminate Theory underestimates the fa1lure stress of bidirectional hybrids composed of 
GRP longitudinal layers and CFRP transverse layers (Figure 4 47). This IS partially attributed 
to the thickness of the longrtudinally GRP remforced blocks, and their much h1gher fracture 
toughness. 
5.6.4.3 Laminate Theory ·The compressive modulus 
The compressive modulus was assumed to be 90% of the tensile modulus calculated by 
Lam1nate Theory. Using this value gave good correlation with the expenmemal resuHs for 
monof1bre (GRP and CFRP) bidirectional hybrids (F~gures 4 42 and 4 44). If a modulus 
identical to that for a tensile mode of load1ng is assumed, as Lam1nate Theory does, then the 
predicted modulus overestimates the measured compressive modulus. Therefore the 
assumption to multiply by 90% was found to be reasonable and indeed is an assumption often 
used in the lrterature for CFRP laminates 
Replac1ng the outer transverse layers 1n a GRP b1d1rectional laminate with CFRP 
transverse layers resuHs in an enhancement of the modulus when compared to the theoretical 
value (Table 4 24). The ply Interaction therefore seems to be very 1mportam, the stiffer surface 
layers offering a greater support against instabllrty for the inner longitudinal layers. 
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A sim1lar effect is noted when replac1ng the surface, transverse GRP layers in a b1d1rectional 
hybrid composed of CFRP longitUdinal layers (Rgures 4 44 and 4.46). 
5.6.4.4 Laminate Theory- The tensile modulus 
Laminate Theory overestimates the modulus of a GRP bidirectional composne. However, 
for CFRP, Laminate Theory shows good correlation wrth the expenmerrtal resuHs (F~gures 4.42 
and 4.44) The overprediction by Laminate Theory of the GRP b1d1rectional lam1nate modulus 
can be partially attnbuted to the presence of laminate defects such as micro-cracks which 
develop in the GRP bidirectional laminates upon annealing. These micro-cracks develop more 
readily m GRP lam1nates as the fibre-matrix bonding of GRP is poor 1n comparison to CFRP. 
5.6.5 Finite element analysis 
NASTRAN and LUSAS FEA packages were assessed for modelhng the behaviour of 
bidirectional, thermoplastic matnx composites. One sample configuration in a tensile mode of 
loading was assessed by comparing NASTRAN predictions wnh measured property data. The 
LUSAS package did not conta1n a straight forward method for establishing the failure properties 
and therefore th1s package was assessed for rts swtabil~y wrthout using comparatiVe property 
data. 
F1nite elemerrt (FEA) packages are complex and requ1re extensive user expenence. They 
are generally not des1gned to calculate the properties at failure but are 1rrtended more to assess 
the deformation or stress distnbution m a componerrt on the application of a certain load level. 
5.6.5.1 NASTRAN 
Only one composne configuration was analysed us1ng the NASTRAN package. The lay-
up configuratiOn 1n questiOn was a b1direct10nal GRP lammate where longitudinal layers were 
sandwiched by transverse layers (G3(l.) G4(11)/). A qua~er of a tensile sample was modelled 
and divided into 25 equal elements. For every load-input the strain in each layer and elemerrt 
was calculated. lt was assumed that the composne behaved as a linear elastic material up to 
the poirrt of failure Due to the symmetrical nature of the model, and uniform loading, every 
elemerrt in every layer encourrtered an identiCal stress f1eld in the major and minor directions. 
The failure crnerion chosen from the NASTRAN hbrary was Tsai-Wu. 
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For every new load-input the program had to be re-run to determ1ne the corresponding 
failure indices. The failure index for a particular layer and load level indiCates whether failure 
would occur in that layer Failure is indicated when the failure 1ndex equals or IS greater than 
one, 1.e. the critical failure index is equal to one. Ultimate failure of the bidirectional laminate 
occurs when the longitudinal layers fall. 
When using Lam1nate Theory to prediCt the failure stress, us1ng a Tsa1-HIII failure critenon, 
the fa1lure stress was severely overestimated (614 MPa) even when taking into account the 
associated experimental error (Rgure 4 58). However, NASTRAN was found to give good 
agreement with experiments for the bidirectional configuration in question as will be discussed 
later. However more configurations need to be analysed before any further conclusion can be 
drawn. 
• The failure stress 
Runs were undertaken for applied loads of 1 kN, 27 kN and 22 kN corresponding to stress 
levels of 19.8 MPa, 535 7 MPa and 436.5 MPa (Table 4 28). At 27 kN all the layers had failed. 
At 22 kN only the transverse layers had fa1led, the longitudinal layers still being intact. The 
next load level was then determ1ned using the difference between 22 kN and 27 kN as the 
working interval and a load level of 24 kN (476 2 MPa) was considered. At this load level the 
longitudinal layers had just failed, i e. the failure index just exceeded the cntical failure index. 
The failure load of the longitudinal phes was established from the graph of applied load 
versus failure index (Rgure 4 57). Following this approach a failure load of 23.4 kN (470 MPa) 
was obta1ned. In terms of the measured failure stress the Tsai-Wu criterion thus overestimated 
the failure stress by 6%. This was a good prediCtiOn when considering the vanabllity of the 
expenmental data for the bidirectional laminates in question for which the failure stress varied 
from 451 MPa to 551 MPa. 
The transverse phes, which contnbute lrttle to the ultimate strength of the laminate, failed 
at a much lower stress, 41 MPa (2 kN) An overv1ew of the resuns is presented in Figure 4.57 . 
Determination of the failure stress, using NASTRAN IS a time consuming exercise as 
several iterations are reqwred to determine the failure stress. 
To reduce the number of runs requ1red, the expenmentally determ1ned fa1lure stress can be 
used as a guide to establish load levels for use wrth the package. 
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• The Young's modulys 
As it was assumed that the lammate behaved in a linear elastic manner, the Young's 
modulus could be deduced from the applied stress versus stra1n relationship. The Young's 
modulus obtained 1n thiS way was 27 9 GPa as compared to 20.9 GPa for the measured 
modulus. Tak1ng 1nto account the correspondmg error bars the predicted modulus still 
overestimates by far the measured modulus. 
• The fa1lyre strain 
From the Young's modulus and the failure stress, the failure strain was determined using 
Hooke's Law (a - E t) .. The corresponding stra1n at failure, i.e. the strain at which the 
longitudinal plies failed, was 1.68 % compared to an average measured fa1lure strain of 2.59%. 
Th1s underestimation was expected as the modulus was by far overestimated, predicting a 
material which is much stiffer and bnttle in theory 
• The selection of a fa1lyre crtlerion 
When chang1ng the fa1lure crrtenon from Tsai-Wu to Hill, a different behaviour becomes 
apparent. For example, for a run carried out at 22 kN applied load the corresponding failure 
index of the long1tudmal plies is lower in comparison to the Tsai-Wu failure cntenon. The Hill 
failure crfterion therefore will resu~ 1n a higher failure stress. Us1ng thiS cnterion failure 
occurred at a load of 25.6 kN (509 MPa), over est1mat1ng the ultimate stress by only 2%, 
making the failure stress pred1ct1on more reliable (Figure 4 57). The prediCted modulus is ncrt 
affected by the failure crrtenon and therefore st1ll y1elded a value of 27.9 GPa. 
The FEA data indicates that the choice of failure crrterion is very importarll (Figure 4.58). 
More work should therefore be earned out to assess the effect of the failure crrterion choice on 
the failure stress. Ultimately the ftnal choice of failure crtlerion should be that which predicts 
closest the expenmemally obtained values. Ex1ensive trials and cross checking wtlh several 
other compostle configurations w111 be required before a satiSfactory failure crrterion is 
established. 
5.6.5.2 LUSAS 
• Modelling wrth LUSAS 
In the case of FEA software such as LUSAS, when modelling an ordmary, symmetrical, 
compress1on test, the model can be s1mplif1ed by considenng only a quarter of the structure. 
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The nodes are single points which are descnbed by three co-ordinates in the X, Y and Z 
directions. 
The section of the structure modelled IS divided into a number of elements, termed 
meshmg In the case of a compostte material, plate elements are used These meshing 
patterns can then be adJUSted to obtain a finer mesh 1n the areas of special interest. 
The input phases of modelling the structure include : 
• Defming a geometry type (as def1ned by the FEA model) 
• Defining a matenal type 
• Meshing of the structure 
• Defining a loading type 
• Descnbing the boundary cond1t1ons (constraints) 
A practiCal advantage of LUSAS was the simple, graphical user Interface in contrast to 
NASTRAN which employs a text based edrtor which exposes the user to complex syntax. 
However, LUSAS was designed for the analysis of isotropic homogeneous materials. 
Composrte conf~gurations therefore still had to be entered wrth a complex syntax into the text 
edttor. This problem will be diminished in the near future as the latest version of LUSAS will 
incorporate an option for composrtes 1n the menu of the graphical edrtor which avoids all 
interactions wrth the text edttor. 
Once a model of the structure has been generated, NASTRAN uses classical failure 
critena to establish whether certa1n lam1nae have failed at a given load level applied to the 
structure. LUSAS does not incorporate a facilrty for the determinatiOn of fa1lure conditions as 
models do not contain failure criteria s1milar to those used in NASTRAN. A further 
development wrthin NASTRAN which would be of considerable assistance when determimng 
the failure properties would be the Incorporation of an rterat1ve rout1ne to automatically 
calculate a value for the failure stress by Incrementally Increasing the load applied to the model 
of the structure. 
• Incorporating the effect of the end-tabs 
Know1ng that stress concentrations anse 1n the vicinrty of the end-tab FEA could be used 
to model test spec1mens with end-tabs to determine their effect on the predicted compressive 
strength. 
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To model a test-spec1men w~h end-tabs the structure would be best considered in two separate 
reg1ons: 
i. The gauge length 
ii The ends, wh1ch include additional surface layers of materials 1n whiCh the 
fibres are onented at an angle of • 45 degrees to the longitudinal ax1s of the 
specimen. 
The stress concentrations generated at various load levels would then be best illustrated by 
observing the stresses in the v1cm1ty of the end-tabs using a stress contour map. Taking the 
element with the h1ghest stress level 1n each ply and substituting this stress 1nto various failure 
criteria provided 1n a separate spreadsheet would provide a means to assess the ultimate 
strength of the structure. Resuns could be obtained from several cnteria so that the optimum 
fa1lure cnterion in relation to the experimental resuns for that material could be selected. 
Obv1ously such a procedure would be extremely time consuming even after a vahd model had 
been decided upon 
As indicated, use of the LUSAS or other FEA software packages IS very time consuming 
and wrthin the time constraints of this project rt was not possible to pursue this approach further. 
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CHAPTER 6 : CONCLUSIONS 
6.1 Unidirectional hybrid composites 
The major conclusiOns of this work are presented in this sect10n. However, many minor 
conclusions to expenmental techmques, testing and detailed resuHs are descnbed in 
previous chapters. 
6.1.1 Compressive failure behaviour 
Compostte failure was always sudden and associated wrth a complete loss of the 
load bearing capabiltty. Failure IS due to micro-instabiltty and hence, any factor affectmg 
the lateral support of the fibres will have a direct influence on the compressive failure 
stress. Post-failure examination showed the remains of a kink band structure. 
Longrtudinal splitting was also observed 1n GRP samples. 
6.1.2 Mechanical properties 
In the case of PPS matnx composites. annealing at 204•c for two hours 
produced mouldings wrth a maximum crystalhntty but also resuHed in the formation of 
micro-cracks in the transverse layers. 
CO'("(''~C::.Ii.we 
The rule of mixtures can be used to predict the V secant modulus of bott\ the 
thermoset and thermoplastiC matrix composrtes exam1ned. The stacking sequence had 
no sigmficant effect on the secant modulus. 
The compressive modulus decreased wtth 1ncreas1ng strain for CFRP 
thermoplastic laminates whereas in GRP thermoplastic laminates the modulus was 
independent of the strain. In tension the modulus of CFRP increases wtth increasing 
strain and is related to the internal structure of the carbon f1bre filaments. 
The rule of mixtures can also be used to predict the failure stress of the 
thermoset matnx compos1tes. 
In the case of the thermoplastiC, polyphenylene sulphide, matnx composttes the 
ROM overestimated the compoSite strength. 
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The stack1ng sequence had a significant effect on the failure stress of thermoplastic 
matrix compos~es unlike to thermoset matrix compoSites. For thermoplastic matnx 
composrtes the failure stress increased as the number of GAP layers at the surface 
increased, for a constant fibre volume fraction (c>d~ constant). This increase was 
associated wrth the h1gher fracture toughness of GAP compared to CFAP. The low 
fracture toughness of the CFAP and the 1nrtiation of failure near the end-tabs, an area of 
stress concentration, may lead to premature failure of the structure. 
The achievement of beneficial effects by hybndisation depends on : 
• The type/nature of the prepreg system 
• The relat1ve f1bre volume fraction of the LE and HE fibres (c>d~) 
• The stacking sequence within the laminate 
• The mode of loading (tensile or compress1ve) 
Many assumptions are 1nvolved 1n the modelling of compressive behaviour The 
factors involved may be d1ff1cult to quantify but m1ght usefully be combined into a s1ngle 
factor for a particular system. A model established by Yao and workers, although 
relatively easy to use, in that it does not require !mite element procedures etc. was found 
to be inadequate to predict ~the compressiVe failure stress of unidirectional hybrids. 
6.2 Bidirectional thermoplastic matrix composites 
6.3.1 Compressive failure behaviour 
Bidirectional samples failed 1n a similar manner to their parent materials in 
compression. The long1tud1nal layers showed the remams of a k1nk band structure 
whereas the transverse layers failed at an angle of 45 degrees in a plane such that no 
f1bre damage occurred. Delammations were 1nrt1ated at the failure locus of the 
transverse plies at the interface between 0 and 90 degree onented laminae. However, rt 
was d1fl1cult to assess whether the extent of these delaminations was a direct result of 
post-failure damage 
6.3.2 The effect of stacking sequence and fibre orientation 
Bidirectional GAP lam1nates have a slightly greater compressive failure stress 
when the transverse layers are sandwiched by long1tud1nal surface layers. 
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The opposrte effect was noted for CFRP laminates and bid1rect10nal hybrids in that the 
compressive failure stress was greater when the long1tud1nal layers were sandwiched by 
transverse surface layers. Th1s 1ncrease was attributed to the lower fracture toughness 
of the long1tudinal CFRP layers compared to GRP. Also, the transverse surface layers 
tend to relieve the stress concerrtrations generated near the end-tabs. 
Chang1ng the stacking sequence in monof1bre b1d1rect10nal composrtes had no 
significant effect on the tensile failure stress. 
Replacing an increasing number of long1tud1nal layers by transverse layers 
reduced the tensile and compressive failure stress and modulus. 
6.3.3 The effect of the type of reinforcement 
In compression an expected increase 1n the failure stress was not always 
apparent when replac1ng GRP layers by CFRP whereas 1n tension the failure stress 
always increased when replac1ng GRP layers by CFRP. This inverse effect was 
attnbuted to the smaller rat1o of the compressiVe CFRP to GRP long1tud1nal failure stress 
compared to tension and the low fracture toughness inhererrt 1n the CFRP. 
The secant modulus 1ncreased when low st1ffness plies (GRP) were replaced by 
higher st1ffness plies (CFRP) for both the tensile and compressive mode of loading. 
6.3.4 Laminate Theory 
Whilst the use of Lam1nate Theory adequately predicts the mechanical 
behaviOur of composrte lam1nates in many instances, fts use is by no means universally 
acceptable. 
Lam1nate Theory is based on many ldealisations. A major drawback of Laminate 
Theory is that the stacking sequence, the poss1bllfty of stress intensifiCatiOn at 
discontinuities, the fracture toughness of the 1nd1vldual layers and interaction between 
neighbouring plies are not taken 1nto consideratiOn. 
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• The compresslve response 
In compression good correlation was observed between the predicted 
compressive fa1lure stress and the measured value for monof1bre bidirectional laminates 
except for CFRP bidirectional 1am1nates wllh long1tudmal surface layers which exhibtted 
a negative dev1at1on from Laminate Theory. 
For bidirectional hybrids deviat1on of the measured failure stress from the 
predicted value was was found to be dependent on the type of remforcement of the 
constlluent blocks. 
In most cases the predicted and measured compress1ve modulus showed 
reasonable agreement. 
• The tensile behaviour 
Acceptable agreement was found between Laminate Theory predictions and the 
measured tens1le fa1lure stress of CFRP and GRP monofibre and hybnd bidirectional 
laminates. An exception was for bidirectional monof1bre and hybrid lammates wtth CFRP 
longitudinal layers, where otherw1se the deviation from Lam1nate Theory depended on 
the number of transverse layers 1n the laminate. 
Laminate Theory overestimated the tens1le modulus for monof1bre GRP and 
bidirectional hybnd lam1nates. In the case of CFRP good correlatiOn was found between 
theory and experiment. 
6.3.5 Finite element analysis (FEA) 
Current FEA packages are time consuming to use and are often not designed to 
prediCt the failure properties. 
The failure stress and modulus were assessed using NASTRAN. The NASTRAN 
package overestimates the modu Ius. The failure stress was predicted using two failure 
cnteria. The Hill crrterion correlated better wHh the measured values Indicating that the 
choice of fa1lure crllerion is very 1mportant when attempting to prediCt the failure stress of 
a matenal. 
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CHAPTER 7 : FUTURE WORK 
• Modelling the compresslve behaviour of composites 
Further assesment or development of models which predict the compressive 
failure stress of f1bre remforced composrtes is required. To define a universal model 
applicable to every compostte configuration many factors have to be included. The 
compressive resuHs of the thermoplastiC matrix composrtes highlighted the fact that 
modelling the failure stress of hybrid composrtes (unlike the secant modulus which 
follows closely a ROM prediction) is not straightforward. There are numereous variables 
wh1ch affect the compressive strength of composites. These parameters can be 
subdived into three groups: 
i. prepreg variables 
ii. mould1ng vanables 
iii. test1ng variables 
If the testing and moulding condrt1ons are kept constant then only the prepreg vanables 
need to be considered. The more important prepreg vanables Include the f1bre-matnx 
bond strength, the matrix properties, the fibre properties, void content, f1bre volume 
fraction and the fracture toughness. Other parameters which also influence the 
compressiVe stength significantly can be difficuH to quantify, e g. f1bre m1salignment. 
W1th thermoplastic matrix composites there are a number of extra variables to 
take into account. Thermoplastic matrix composrtes are non linear viscoelastic 
materials. Therefore the load1ng rate w111 affect the measured compressive properties. If 
the matrix is a semi-crystalline matenal the effect of the crystalhntty on the mechanical 
propert1es has to be taken 1nto account. 
When studying a certa1n composite system it would therefore be interesting to 
assess the overall effect of these variables on the compressive strength of the compos1te 
and whether these are sigmf1cant or not, possibly by the use of Factorial Design. Once 
the key-variables and their effect on the compressive strength are established for a 
particular composrte system, ex1st1ng computensed modelling concepts could then be 
applied to model the compressive behaviOur. 
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Another approach to model the compressiVe behaviour would be the use existing 
FEA techniques. Future work could then be directed towards the development of a 
model which could then be d1rectly compared with the measured values. As the 
determination of the failure properties can be very tedious wrth FEA, it would be 
Interesting to assess the compoMe behaviOur at several load levels and compare these 
directly with the expenmentally obtained values at the load levels in question, in order to 
s1mulate more realistiC load levels for design applications. 
As thermoplastic composrtes are non-hnear v1scoelast1c materials the models 
should be based on non-hnear analysis instead of linear analysis. Pred1cted values from 
both models wrth the measured propert1es should then point out whether linear behaviour 
is a vahd assumption which would simplify the modelling procedures. 
If the failure properties are d1ff1cult to assess wrth an FEA package (eg. LUSAS), 
a separate spreadsheet can be designed to enter the stresses obtained in the certain 
elements of the modelled structure The spreadsheet then contains d1fferent failure 
crrteria, the opt1mum failure crrtena be1ng than who pred1cts the measured value closest. 
• Type of hybrid material studied 
The analysis of thermoplastic matrix composrtes indicated that the fracture 
toughness of the surface layers played a v1tal role in determimng the compressive 
strength With reference to matenal choice for the surface layers, two major vanables 
eXISt: 
Type of reinforcement material used, 
e.g. Kevlar f1bres, carbon f1bres etc 
ii. Physical form of the reinforcement used, 
e g. 1nterply, intraply, woven etc. 
The influence of these variables on the fracture toughness of the surface layers should 
be investigated further. 
So far only uni- and b1-direct10nal interply reinforced hybrids consisting of two 
types of f1bres have been stud1ed lt would be Interesting to conduct a similar study for 
intraply hybrids in terms of poss1ble hybnd effects occuring on hybnd1sation. 
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Having stud1ed the effect of f1bres onented at 0 degrees or 90 degrees to the 
loading d1rect1on, other f1bre orientat1ons should also be considered. 
Future work could be d1rected towards applications of hybrid composites. This 
work would involve a broader range of tests being conducted. In terms of practical 
applications, the compress1ve strength of samples with for example open holes, as a 
simulation of drilled holes, and impact resistance, as a simulation of handling and impact 
of foreign objects, would then also become very 1mportant. 
In terms of multidirectional thermoplastic hybrids and monofibre composites 
more work can be geared towards the moulding conditiOns/configuratiOn which exclude 
induce thermal micro-cracking and its effect on the compressive properties. 
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TABLES 
TABLES 
Chapter 2 : Literature Review 
Table 2.1 : Glass transnion temperature and meH temperature of several 
thermoplastics. 
Transrt1on temperatures :) Tg Tm 
Polymer ll Abrev1at10n oc oc 
Polybutylene terephthalate PBT 40 228 
Polyethylene terephthalate PET 80 265 
Polysulfone PS 190 • 
Polyphenylene sulphide PPS 93 288 
Polyether suHone PES 130 • 
Polyether ether ketone PEEK 143 340 
Polyimides PI 280 • 
Polyether imide PEI 210 • 
• Amorphous polymer 
Table 2.2: The irrterlaminar fracture toughness (G10) of thermoplastiCs. 
I G1c • 
Polymer Tradename Jtm2 
Polysulfone Udel 1175 
Polyether imide UHem 950 
Polyam1de imide Torlon 1050 
Polyphenylene sulphide Ryton 720 
Polyether ether ketone PEEK 1600 
*lnterlam1nar fracture toughness as determined from the 
double cantilever beam test 
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I 
Table 2.3 : Water absorption of thermoplastiC materials compared to thermosetting 
Table2.4: 
matenals 
Water 
absorption* 
Polymer Abbreviation % 
Epoxy Epoxy 0.5-0 2 
Polybutylene terephthalate PBT 0.08-009 
Polyethylene terephthalate PET 0.1-0.2. 
Polysulfone PS 03 
Polyphenylene sulphide PPS <() 02 
Polyether sulfone PES 0.43 
Polyether ether ketone PEEK 014 
Poly1mides PI 024 
*Water absorption accord1ng to the ASTM D570, 24 hours at 
room temperature. 
The propert1es of polyphenylene sulphide*. 
Property Unrts 
Tensile modulus GP a 358 
Tensile strength MPa 902 
Compressive modulus GPa' 
Compress1ve strength MPa 1368 
Dens1ty (fully crystalline) kg!m3 136 
Density (amorphous) kgfm3 1.32 
*Dependent on the degree of crystalhnrty 
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Table 2.5 : The coefficients of thermal expansion (CTE) for reinforcements and 
matnces. 
CTE 
1o-src 
Type of reinforcement 
E-glass f1bres 50 
Carbon f1bres -axial -1 2 
Carbon fibres -radial 27.3 
Kevlar 49 f1bres - axial -3 6 
Kevlar 49 f1bres - rad1al 205.0 
Type of matrix 
Polyphenylene sulphide 36 
Polyester res1ns 70-110 
Epoxy resins 50-80 
Chapter 3 : Experimental procedures 
Table 3.1 : Properties of polyphenylene sulphide matrix prepreg systems. 
Reinforcement => Unrts CFRP GAP 
Property 11 . 
Prepreg ~tm 6to9 15 to 25 
Rbre d1stnbution 
Prepreg f.U11/Iayer 162 193 
Average thickness 
Moulded ply f.U11/Iayer 139 180 
thickness 
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Table 3 2 : The glass ftbre properties 
Property Unrts 
Type E 
Young's modulus GP a 71 
Tensile strength (ftlamerrt) GPa 34 
Tensile strength (roving) GP a 2.4 
Strain at failure % 3.37 
Eg!Em - 21 
Filament diameter J.lm 13 
Mass/unn length of tow gtm 06 
Densny kgtm3 2.55x 103 
Table 3.3 : The carbon ftbre type . 
Property Unrts 
Type XA-S 
Young's modulus GP a 225 
Tenstle strength (ftlamerrt) GPa 3.43 
Tensile strength (roving) GP a 2.90 
Strain at failure % 144 
EcfEm 66 
Fllamerrt diameter J.lm 72 
Masstunrt length of tow mg/m 730 
Densny kgtm3 1 81 X 103 
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Table 3 4 : The recorded temperature and time logged dunng the heat1ng up of an 
empty mould. 
Time taken to reach · Temperature after : 
Platen 2so•c 33o•c 3oo•c 20 m1nutes 50 minutes 
Temperature lJ 
•c m1nutes minutes minutes •c •c 
330 7.7 • 13 311 321 
338 6 • 9 320 327 
344 67 30 10 325 332 
350 55 14 7 329 342 
•Not reached 1n the time scale of the experiment. 
Table 3 5 : Details of expenmental mould1ng condnions used to establish the final 
moulding schedule. 
Number Platen Thicknes Mould1ng • I( C) 
temperature lam1nate cycle t1me 
•c mm m1n mm 
1 338 2606 33 20 
2 338 2606 50 20 
3 338 2323 50 20 
4 338 1.900 50 20 
5 350 2606 50 20 
6 344 2507 50 20 
*The time the consolidatiOn pressure (1380 kPa) IS applied. 
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Table 3.6 · The average laminate densrt1es and f1bre volume fractions for thermoplastic 
matnx compoSites. 
Conf1gurat1on 4>g 4>c 4>total 4>d4>t Densny 
kglm3 
C7/ 0 0.570 0 570 1.00 1575 
C5G2/ 0.189 0373 0 562 066 1716 
C4G3/ '0292 0266 0.558 0.48 1793 
C2G51 0.441 0 111 0552 0.20 1904 
G7/ 0548 0 0.548 0 1984 
G5C2/ 0433 0120 0553 022 1898 
G3C4/ 0 281 0277 0558 0 50 1785 
G2C51 0.178 0385 0563 068 1708 
Table 3.7: The properties of cured 913 Rbredux epoxy resin. 
Property unns 
Young's modulus (70•C) GP a 3.39 
Tensile strength (70•C) MPa 65 5 
Strain at fa1lure % 
Densrty kglm3 123x103 
Viscosny (120•C) Poise 67 
Table 3 8 : The curing cycle for compress1on mould1ng 913 Rbredux epoxy prepreg. 
Moulding cycle 
Temperature 
Time 
Pressure 
Post-cure 
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Unrts 
•c 
minutes 
kPa 
minutes 
140 
20 
2000 
not required 
---- ------
Table 3 9 : The expenmentally determ1ned average laminate densities and f1bre volume 
fractiOnS for thermosetting matnx compoSlles. 
Configuration 4lg 4lc 4ltotal 4ld4lt Densny 
kglm3 
C8/ 0 0640 0640 1 00 1603 
C7G1/ 0079 0560 0.639 0.88 1663 
C5G31 0238 0405 0642 063 1794 
C3G51 0.389 0236 0625 038 1915 
GBI 0666 0 0666 0 2130 
G5C3/ 0.395 0252 0647 039 1922 
G3C51 0237 0412 0649 0.63 1788 
G1 C7/ 0077 0549 0626 088 1664 
CGCGCGCG/ 0.314 0.324 0638 051 1851 
GCGCGCGC/ 0.317 0313 0630 0 50 1847 
Table 3.10 : SpecifiCation of the stra1n gauges used dunng compression testing. 
unns 
Type metal foil 
Description FLA-3·11 
Gauge length mm 3 
Gauge resistance Ohms 120 ±0 3 
Gauge factor (K) 2.12 
Supplier Techm Measure 
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Chapter 4 : Results 
Table 4.1 · The experimental and predicted compress1ve properties of umdirectional 
epoxy matrix composites. 
Matrix => Epoxy Epoxy 
Reinforcement => CFRP GRP 
Property u Unrts 
EROM GP a 123 40 
deviation from % 08 5 
expenmental Ec 
<YRQM MPa 1860 1875 
dev1ation from % 56 118 
experimental ere 
Carbon and glass f1bre volume fraction 1s 0.6 
Table 4.2 : The normalised compress1ve properties of CFRP epoxy matrix composrtes 
Property Rbre Unrts Average CoeffiCient of 
orientation variation 
Failure strain longitUdinal % 1.09 8.9 
Failure stress longitudinal MPa 1201 68 
transverse MPa 165 
Secant modulus longitudinal GP a 1241 3.7 
EnctEm 37 
Carbon f1bre volume fraction is normalised to 0.6 
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Table 4 3 : The normalised compressive properties of GRP epoxy matrix composftes. 
Property Ftbre Untts Average Coefftcient of 
onentation variation 
Failure strain longttudinal % 195 1.9 
Failure stress longitudinal MPa 852 5.2 
transverse MPa 155 
Secant modulus longttudtnal GP a 41 7 16 
EnctEm 12 
Glass ftbre volume fraction ts normalised to 0 6 
Table 4.4: The compresstve secant modulus of untdirectional,epoxy matrix 
hybridcomposftes. 
ConftguratiOn <lld~ Average Coefficient of 
secant modulus variation 
GP a % 
CBI 1 00 124.1 37 
C7G1/ 088 108.9 46 
C5G3/ 063 89.5 5.9 
C3G51 038 737 3.5 
G81 0 41 7 1 6 
G5C3/ 0.39 690 2.5 
G3C51 063 862 4.1 
G1 C7/ 088 111 8 30 
CGCGCGCG/ 0.51 827 33 
GCGCGCGC/ 0.50 83.1 26 
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Table 4.5 : The compressive failure stress of unid1rec110nal,epoxy matrix 
hybndcomposrtes. 
Configuration <l>d4>t Average Coefficient of 
failure stress variation 
MPa % 
C8/ 1 00 1201 6.8 
C7G1/ 088 1251 49 
C5G3/ 063 1124 82 
C3G51 0.38 1043 14.0 
G8/ 0 852 5.2 
G5C3/ 039 1017 48 
G3C51 063 1031 68 
G1 C7/ 0.88 1227 8.1 
CGCGCGCG/ 0 51 1226 9.8 
GCGCGCGC/ 050 1085 7.8 
Table 4 6 : The compressive failure stra1n of unid1rectional,epoxy matrix 
hybndcomposrtes. 
Configuration <l>d4>t Average Coefficient of 
failure stra1n vanation 
% % 
C8/ 1 00 109 8.9 
C7G1/ 088 1 25 6.7 
C5G3/ 063 1.35 66 
C3G51 0.38 163 88 
G8/ 0 195 19 
G5C31 039 153 6.4 
G3C51 063 1 26 10.2 
G1 C7/ 088 1.17 67 
CGCGCGCGI 0 51 158 12 5 
GCGCGCGC/ 0.50 1 41 97 
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Table 4 7 : The 1nterlam1nar shear strength of epoxy matrix compos~es 
Composrte system ILSS $r Number of Coefficient of 
samples variat1on 
MPa % % 
CFRP 956 640 10 3.2 
GRP 81.1 66.6 10 2.6 
Table 4 8 : The expenmental and predicted mechanical properties of umdirectional, 
PPS matnx compos1tes. 
Reinforcement => CFRP GRP CFRP GRP 
Mode of loading => Tension Tension Compression Compression 
Property ~ Unrts 
EROM GPa 130 40 117 37 
deviat1on from % 8 2 5 16 
expenmental Ec 
<7ROM MPa 1994 1904 1820 1755 
deviation from % 16 n 56 72 
experimental <re 
Carlbon f1bre volume fract1on 1s 0 57 and glass f1bre volume fraction IS 0.55 
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Table 4.9 : The compressive propertieS of GRP, PPS matrix compos1tes. 
Property F1bre Unds Average Coefficient of 
orientation variation 
Failure stra1n longitudinal % 207 7.2 
transverse % 1 37 55 
Failure stress longitudinal MPa 1018 4 68 
transverse MPa 123.5 4.7 
Secant modulus longitudinal GP a 44.4 1.7 
transverse GPa 11.4 9.7 
Euc'Em 12 
E.lc'Em 3 
Glass f1bre volume fract1on IS 0 55 
Table 4.10. The tensile properties of GRP, PPS matnx composdes 
Property Fibre Unds Average Coefficient of 
onentat1on variation 
Failure stra1n longitudinal % 3.12 72 
transverse % 042 55 
Failure stress longitudinal MPa 1075 68 
transverse MPa 42.15 4.7 
Secant modulus longitudinal GP a 41 1.7 
transverse GPa 10.47 9.7 
Euc'Em 12 
E.1c'Em 3 
Glass f1bre volume fract1on 1s 0.55 . 
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Table 411 :The compressive properties of CFRP, PPS matrix composttes. 
Property Rbre Unrts Average Coefficient 
onentat1on of variation 
Failure stra1n long1tud~nal % 1 06 5.7 
transverse % 
Failure stress longitudinal MPa 1166 0 7.6 
transverse MPa 1634 6.7 
Secarrt modulus long1tudinal GP a 111.4 1.8 
transverse GPa 96 3.1 
Euc'Em 31 
E.1c'Em 3 
Carbon f1bre volume frac!Jon IS 0.57 
Table 4.12: The tens1le propert1es of CFRP, PPS matrix composrtes. 
Property Rbre Unrts Average Coeffic1errt of 
orientation variation 
Failure strain long1!Ud1nal % 147 45 
transverse % 0.75 49 
Failure stress long1tud~nal MPa 1724 2 44 
transverse MPa 580 3.5 
Secarrt modulus long1tud~nal GPa 1194 45 
transverse GP a 83 35 
Euc'Em 33 
E.Lc'Em 2 
Carbon f1bre volume fractJon IS 0 57 
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Table 4 13: The compressive secant modulus of umd1rect1onal, PPS matrix hybrid 
composrtes. 
Configuration <lld<Pt Average Coefficient 
secant modulus vanat1on 
GP a % 
C71 100 111 4 1 8 
C5G21 068 84.9 1 6 
C4G31 049 77.9 3.1 
C3G4/ 039 70.7 2.1 
C2G51 021 589 8.7 
G71 0 00 444 1.7 
G5C21 021 602 51 
G4C3/ 039 691 1.6 
G3C4/ 049 693 10 0 
G2C51 068 861 54 
GCGCGCG/ 039 718 44 
G2C3G21 039 68.8 2.1 
Table 4.14 · The compressive failure stress of umchrectional, PPS matrix hybrid 
composrtes. 
Configuration <lld<Pt Average Coefficient of failure stress variation 
MPa % 
C71 1 00 1166 0 76 
C5G21 068 7952 11.3 
C4G3/ 049 8049 82 
C3G4/ 039 6701 65 
C2G51 021 7230 72 
G71 0 00 1018.4 6.8 
G5C21 0 21 837.0 86 
G4C3/ 039 10752 3.2 
G3C4/ 049 9495 184 
G2C51 068 1082.7 69 
GCGCGCG/ 039 947.4 36 
G2C3G21 0.39 10066 7.4 
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Table 4.15 : The compressive failure strain of unidirectional, PPS matrix hybrid 
composrtes. 
Configuration 4ld$t Average Coeff1c1ent of 
failure stra1n variat1on 
% % 
C7/ 1 00 1.06 57 
C5G21 066 0.98 12.3 
C4G3/ 0.49 1 04 86 
C3G4/ 039 1 00 66 
C2G51 0 21 1 21 104 
G71 0 00 207 72 
G5C21 021 148 13.7 
G4C3/ 0.39 1.70 5.3 
G3C4/ 0.49 1.32 219 
G2C51 066 1.45 94 
GCGCGCG/ 0.39 1.40 3.9 
G2C3G21 039 1 60 9.7 
Table 4.16 : The 1nterlaminar shear strenglh of PPS matrix composrtes 
Composrte system ILSS <PI Number Coefficient of 
samples variation 
MPa % % 
CFRP 669) 57.00 9 3.1 
GRP 90.0 5536 9 3.5 
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Table 4.17 : The tens1le secant modulus of umd1rect1onal, PPS matrix hybrid compos~es. 
Configuration <l>dc>t Average Coefficient 
secant modulus of vanation 
GP a % 
C7/ 1 00 119.4 4.4 
C5G21 068 865 37 
C4G3/ 049 749 4.1 
C3G4/ 0.39 65.5 4.1 
C2GSI 0 21 562 3.2 
G71 000 41 2 5.1 
G5C21 021 57.5 3.2 
G4C31 0.39 661 3.0 
G3C4/ 049 n2 43 
G2CSI 068 903 4.2 
GCGCGCGI 039 666 20 
G2C3 G21 039 652 38 
Table 4.18 : The tens1le failure stress of umd1rectional, PPS matrix hybrid compoMes. 
Conf~guraiiOn <l>d$t Average CoeffiCient of 
fa1lure stress vanat1on 
MPa % 
C7/ 1 00 17242 43 
C5G21 068 1083 7 54 
C4G3/ 049 1046.7 56 
C3G4/ 039 9057 35 
C2GSI 0.21 8288 58 
G71 0 00 10754 42 
G5C21 0 21 1003.3 63 
G4C3/ 039 11188 40 
G3C4/ 049 1151 5 46 
G2CSI 068 13543 52 
GCGCGCG/ 039 1097.3 62 
G2C3G21 039 1092.4 47 
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Table 4.19: The tens1le failure strain of unidirectional, PPS matnx hybrid compoSites. 
Configuration <l>d~ Average Coefl1c1ent of 
fa1lure stra1n variation 
% % 
C71 1.00 1.47 46 
C5G21 068 1.34 158 
C4G3/ 049 1 39 8.6 
C3G4/ 039 14 80 
C2G51 021 1.53 150 
G7/ 000 308 9.7 
G5C21 0 21 1 76 108 
G4C3/ 039 1 81 56 
G3C4/ 0.49 1.45 59 
G2C51 068 1 45 175 
GCGCGCG/ 039 1 61 7.1 
G2C3 G21 039 1.n 162 
Table 4 20 : Radius of curvature and the magnnude of the internal strains of two ply, 
asymmetnc, PPS matrix compoSites, after coohng from the processing 
temperature. 
Before Annealing After Annealing 
Configuration rad1us (p) Magnnude radius (p) Magnnude 
1nternal ~~=-"' 1ntemal g.«>,n 
mm - mm -
GIIG.L 127 0 00216 54 000503 
CIIC.L 147 000229 87 0.00386 
GIICII 406 0 00061 242 0.00095 
1n 
Table 4 21 : Calculated residual strain in the long1tudmal and transverse plies of PPS 
matrix compoMes when cooling from the process1ng temperature. 
Before Annealing Alter Annealing 
Configuration ELL ETL ELL ETL 
% % % % 
4GU6G.L4GII 004 018 008 042 
3GJ18G.L3GU 006 0.11 0.13 0.38 
4CJ16C.L4CII 001 0.22 002 0.37 
3CJ18C.L3CII 002 0 21 003 035 
4GJ16CU 4GII 0.01 005 0.02 008 
,3Gi18CU 3GII 0 02 0 04 003 007 
Table 4 22: The crystallisation, glass transrt1on and mett1ng temperatures of glass f1bre, 
PPS matnx, prepreg and annealed mould1ngs. 
Property Tg Tc Coefficient T' Coeff1c1ent Number m 
ofvanation of vanation samples 
Untts ·c ·c % ·c % 
Prepreg 853 131 6 097 2785 0 21 7 
Annealed 121.8 • t 279.1 039 7 
mould1ng 
* Not observed 
t Not applicable 
Table 4 23 : The crystallinrty of glass f1bre, PPS matrix, prepreg and annealed 
mouldings. 
Property Degree of Coefficient Number 
crystallinity of variation samples 
Unrts % % 
Prepreg 21.1 13 0 7 
Annealed 587 95 7 
moulding 
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Table 4.24 : The secant modulus of bidirectional, PPS matrix composites. 
Mode of loading Tension Compression 
Average Coefficient Average Coefficient 
of variation of variation 
Configuration GP a % GPa % 
Monof1bre 
configuratiOns 
C311 C411 52.8 45 50.4 2.1 
C4l. C311/ 54.8 2.7 56.9 1.9 
C411 C311 73.3 69 69 2.2 
C31. C411/ 69.5 2.3 66.3 33 
G311 G411 18.0 38 22.7 3 
G4.L G311/ 17.0 2.8 20.9 5.8 
G411, G311 23.2 1.5 27.1 1.6 
G3.L G411/ 20.9 27 26.7 33 
Hybrid 
configuratiOns 
C3.L G411/ 26.4 34 40.8 2.5 
G411 C311 26.3 3.1 32 22 
C4.L G311/ 16.3 63 29.8 3.5 
G311 C411 19.5 7.1 29.1 27 
C311 G4l./ 43.5 34 39.2 108 
G4.L C311/ 39.0 4.2 47.7 4.1 
C411 G3l./ 60.9 34 54.8 63 
G31. C411/ 60.3 34 45.3 35 
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Table 4 25 : The failure stress of b1direct1onal, PPS matnx composites. 
Mode of load1ng Tension Compression 
Average CoeffiCient Average Coefficient 
of vanation of variation 
ConfiguratiOn MPa % MPa % 
Monof1bre 
configurations 
C311 C411 524 64 372 92 
C4.l C311/ 742 67 522 11.9 
C411 C311 905 67 591 73 
C3.l C411/ 919 109 748 66 
G311 G411 421 6.7 500 12.0 
G4.l G311/ 428 43 387 9.1 
G411 G311 526 63 535 97 
G3.l G411/ 501 80 503 87 
Hybrid 
configurations 
C3.l G411/ 595 54 881 7.1 
G411 C311 613 74 707 10 5 
C4.l G3U/ 458 6.1 619 51 
G311 C411 462 108 648 8.5 
C311 G411 487 126 244 86 
G4.l C311/ 491 13.4 473 98 
C411 G311 847 61 408 140 
G3.l C411/ 893 80 508 85 
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Table 4 26 : The failure strain of bid1rect10nal, PPS matnx compos1tes 
Mode of loading Tension Compression 
Average Coefficient Average Coefficient 
of variation of vanation 
Conflgu ration o/o o/o o/o o/o 
Monofibre 
configurations 
C3!1 C4l1 1.49 155 0.70 8.4 
C4J. C31!/ 1.41 1129 1.00 9.2 
C4!1 C3l1 1.27 705 0.86 56 
C3.L C41!/ 1.30 18 7 1.19 98 
G31! G4l1 2.72 931 2.00 9.7 
G4J. G31!/ 2.69 5.5 1.90 83 
G411 G3l1 2.50 1486 2.01 10.5 
G3J. G41!/ 2.59 9.4 1.71 19.3 
Hybrid 
conf.gurat10ns 
C3J. G41!/ 2.60 59 2.15 59 
G411 C3l1 2.73 69 2.10 94 
C4J. G31!/ 2.88 29 2.20 61 
G31! C4l1 2.54 13 2 2.10 108 
C31! G4l1 1.03 99 0.70 21.2 
G4J. C311/ 1.21 11 0 1.00 14.3 
C41! G3l1 1.32 108 0.66 72 
G3J. C41!/ 1.42 9.4 1.18 10 8 
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Table 4.27 : The Poisson's ratio for glass and carbon f1bre, PPS matrix, composrtes. 
Composrte system 
CFRP 
GRP 
Poisson's ratiO 
0.31 
029 
Table 4.28 : Theoretical resu~s obtained for a G3 .L G4111 laminate us1ng NASTRAN. 
Run Number Unrts 1 2 3 4 5 
Apphedload kN 1 22 24 27 22 
Corresponding MPa 198 4365 4762 535.7 4365 
stress 
Ex % 0071 1.564 1.706 1919 1.564 
Ey % -0 0093 -0 2035 -0.2220 -0 2497 -2.035 
Failure crrtenon - Tsa1-Wu Tsai-Wu Tsai-Wu Tsai-Wu Hill 
Failure index 
-
0.12 7.53 8.71 1064 14.66 
transverse phes 
Failure index - 002 0.91 1.04 1.28 075 
long1tudmal phes 
Failure - no yes yes yes yes 
transverse plies 
Failure 
-
no no yes yes no 
long1tud1nal plies 
Table 5 1 : The fracture toughness of monof1bre polyphenylene sulph1de matrix 
composttes. 
Reinforcement 
CFRP 
GRP 
Matnx 
PPS 
PPS 
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Fracture toughness G1c 
\1JJm2 
0.8 
1.3 
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SYMBOLS AND NOTATIONS: FIGURES 
Stra1n reading from the extensometer across the sample thickness 
Strain read1ng from the extensometer across the sample w1dth 
Strain read1ng from stra1ngauges 
Hybrid configuration wrth GAP surface layers 
Hybrid configurallon wrth CFRP surface layers 
90% confidence lim~s of the average property 
Stress in a hybnd configuration corresponding to the failure strain of 
CFRP 
Tensile response 
Compress1ve response 
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Chapter 2: Literature review 
lt-Q-s-il 
Figure 2.1 : Chemical structure of polyphenylene sulphide. 
- +©---+ + 2NaCI 
n 
Sodium 
Su~hlde 
Figure 2.2 : Chemical synthesis of polyphenylene sulphide 
_/), NaOH 
+ CI-C~II2,-ee-HII--CH2 
Ep<chlorohydnn 
8os-phenol A 
Figure 2.3 : Chemical reaction of bisphenol A and epichlorohydrin. 
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F~gure 2.4 : Chem1cal cunng reations . am1ne/epoxide. 
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Rgure 2.5 : Schematic presentation of a DSC-scan of an uncured thermosetting 
material. 
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Heat Flow 
(Wg-1) 
Crystallisation 
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Melbng 
Rgure 2.6 : Schematic presentation of a DSC scan of Polyphenylene sulphide. 
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Rgure 2.7 : Compress1ve test f1xture wrth serrated edges - ASTM 0695. 
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SPECIMEN 
Figure 2.8 : Sample configuratiOn adopted by Purslow and Co-workers for 
compressiVe testing. 
CUIDI PUiS 
l!C!SS 101 
!ln:>OSOMITH 
Figure 2 9 : The Wyom1ng end-loaded, side supported compressive test fixture. 
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Rgure 2.12 : Schematic presentation of composite failure by shear. 
Rgure 2.13 : SchematiC presentation of compos1te failure by kmk band fonmation. 
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SHEAR MODE EXTENSIONAL MODE 
Rgure 2.14 : Schematic presentation of compos1te failure by micro-buckling. 
STRSSS smess 
HE 
Rgure 2.15 Idealised tensile stress-strain relationship of a hybrid composne 
according to Hayashi 
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Rgure 2.16 : Idealised tensile stress-stra1n relationship of a hybnd composite exhibiting 
good bonding between the phases accord1ng to Aveston and eo-workers 
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Rgure 2.17 : Composrte strength as a funct1on of the relative carbon f1bre volume 
fract1on. 
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STRESS 
Rgure 2 18 :Tensile stress-strain relationship of a hybnd composrte. 
lnter1acial 
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Rgure 2.19 :Tensile fibre fracture in a composrte structure, resutting in intensification in 
the stress on the neighbounng fibres. 
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Rgure 2.20 .The volumetroc change as a function of temperature for several 
thermosetting and thermoplastic matroces. 
Rgure 2 21 · Assessment of the rad1us of curvature from a curved beam. 
193 
F, 
F. 
F., Fo F, 
F., 
F, 
F, 
Rgure 2.22 : Schematic representation of the longrtud1nal response of a compostte 
material 
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Rgure 2.23 : Graphical presentation of the ROM for Young's modulus. 
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Chapter 3 : Experimental procedures 
Rgure 3.1 : Schematic presentation of the mould used to produce flat thermoplastic 
matrix laminates 
[I i 
FIQUre 3 2: Schematic presentation of the mould used to produce flat thermoplastiC 
matnx laminates wrth moulded end-tabs. 
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2606 2606 2323 1.9 2606 2507 
Spacer llickness [mm[ 
• 338°C 1!1!1 350'C 0 344'C 
Figure 3.3 : The effect of the spacer thiCkness and moulding temperature on the 
1nterlaminar shear strength (ILSS). 
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Figure 3 4 : The temperature prof1le of a GRP thermoplastic matrix lam1nate with 
thermocouples moulded m at the top, centre and bottom of the mould. 
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Rgure 3.5 : Temperature prof1le of an empty mould wrapped in an insulat1ng cloth 
dunng the coohng stage of the mould1ng cycle of thermoplastic matrix 
lam1nates. 
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Samples 1 to 6 : Compress1on speetmens 
Samples 7 to 9 : F1bre volume fract1on and ILSS specimens 
Rgure 3.6 : location of compress1on test samples 1n thermoplastic matrix 
lam1nates. 
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Rgure 3 7 · Jig used for the cutt1ng of tensile thermoplastic matnx compos~e samples 
on the water cooled d1amond wheel. 
Rgure 3.8 : Location of tensile samples (S t -54) in a thermoplastic matrix laminate. 
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Rgure 3.9 : Moulding Configuration for thermosetting matnx laminates 
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Rgure 3.10 : DSC trace of an uncured GRP, epoxy matrix sample. 
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Rgure 3.11 : Location of test samples in a thermosettmg matnx laminate. 
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Rgure 3.12 Sample holder for thermosetting matrix compression samples used on the 
router. 
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Rgure 3.13 : Overall d1mens1ons of a compression sample. 
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Rgure 3.14 : Wheatstone bndge circurt used for strain measurement. 
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Rgure 3.15 : A comparison of the use of strain gauges versus an extensometer for strain 
measurement. 
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Chapter 4 : Results 
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Rgure 4.1 : Compressive secant modulus of unidirectional, epoxy matrix hybrids wrth 
CFRP or GRP surface layers, versus, the relative carbon fibre volume 
fract1on. 
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Compressive secant modulus of unid1rect1onal, epoxy matrix hybrids w~h 
GRP surface layers, versus, the relat1ve carbon f1bre volume fraction. 
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Rgure 4 3 · Compress1ve secant modulus of unidirectional, epoxy matnx hybrids w~h 
CFRP surface layers, versus, the relat1ve carbon f1bre volume fraction. 
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Rgure 4.4 : Compressive fa1lure stress of unidirectional, epoxy matrix hybrids wrth 
CFRP or GAP surface layers. versus, the relative carbon f1bre volume 
fraction. 
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Rgure 4.5 : Compress lYe failure stress of unidirectional, epoxy matrix hybrids with 
GRP surface layers, versus, the relative carbon fibre volume fractiOn. 
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Rgure 4 6 · CompressiVe fa1lure stress of umd1rectional, epoxy matnx hybrids w1th 
CFRP surface layers, versus, the relative carbon f1bre volume fraction. 
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Rgure 4 7 : Compress1ve failure stra1n of umd1rectional, epoxy matrix hybrids with 
CFAP or GAP surface layers, versus, the relative carbon f1bre volume 
fraction 
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Rgure 4 8 : Compressive fa1lure stra1n of umdirect1onal, epoxy matrix hybrids with 
GAP surface layers, versus, the relatiVe carbon f1bre volume fraction. 
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Rgure 4.11 : Compressive stress-stram relatiOnship for a umdtrecttonal, PPS matrix 
CFRP lammate. 
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Rgure 4.12 : Compressive stress-strain relationshtp for a unidirecttonal, PPS matrix 
GRP laminate. 
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Rgure 4.13 : Compressive stress-stratn relattonship for a unidirectional, PPS matrix 
G4C3/ hybnd lamtnate 
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Rgure 4.14 : Compresstve secant modulus of unidirectional, PPS matnx hybrids w~h 
CFRP or GRP surface layers, versus, the relattve carbon ftbre volume 
fraction 
209 
L ____________________________ _ 
120 
100 
- -
~ eo 
!2. --~---~-
.. eo 
.3 
<>~ .. 
- --
-8 
::!! 40 
20 
0 
0 0.1 02 0.3 04 05 06 0.7 08 09 
o Gou1er error · · • • ROM 
Rgure 4.15 : Compress1ve secant modulus of umd1rect10nal, PPS matrix hybrids wrth 
GRP surface layers, versus. the relative carbon fibre volume fractiOn. 
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Rgure 4.16 : Compressive secant modulus of unid1rect1onal, PPS matrix hybrids wtth 
CFRP surface layers. versus, the relat1ve carbon f1bre volume fraction. 
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Rgure 4.17 : The effect of stacking sequence on the compressive failure stress and 
secant modulus of unidirectional, PPS matnx hybnd compostles 
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Rgure 4.18 : Compressive failure stress of umd1rectional, PPS matrix hybnds with 
CFRP or GAP surface layers, versus, the relative carbon f1bre volume 
fraction. 
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Rgure 4.19 : Compressive fatlure stress of umd1recttonal, PPS matnx hybrids with 
GAP surface layers, versus, the relative carbon f1bre volume fraction. 
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Rgure 4.20 : Compressive fa1lure stress of unidirecttonal, PPS matnx hybrids w1th 
CFRP surface layers, versus, the relative carbon f1bre volume fraction. 
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• Rgure 4.21 : The compressive strength of unidirectional hybrid composites, accord1ng 
to the model presented by Yao and workers, versus, the relative carbon 
f1bre volume fract1on 
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Rgure 4 22 : Compressive fa1lure strain of umdirectional, PPS matnx hybrids, w1th 
CFRP or GRP surface layers, versus, the relative carbon fibre volume 
fraction. 
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Rgure 4 23 : Compress lYe failure stra1n of unidirectional, PPS matrix hybnds w1th 
GRP surface layers. versus, the relat1ve carbon f1bre volume fraction. 
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Rgure 4 24 : Compressive fa1lure strain of umd1rectional, PPS matrix hybnds with 
CFRP surface layers, versus, the relative carbon f1bre volume fraction. 
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Rgure 4.25 : Compressive fa1lure strain enhancement for und1rect1onal, PPS matrix 
hybrid compoSJtes as a funct1on of the total number of GRP layers in the 
laminate. 
Thermoset Matrix 
ComposHes 
Thermoplastic Matrix 
Composrtes 
N.B Not Drawn To Scale 
Rgure 4.26 : SchematiC preserrtation of the observed failure mode of thermoplastic 
and thermoset matrix composrtes for the interlam1nar shear test. 
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Rgure 4 27 : Tensile stress-strain relattOnshtp for a unidirectional, PPS matrix GRP 
laminate. 
1600 
400 
0+----+----+----+----+----+----+----+----+ 
0 02 04 06 08 
Stra~n [%) 
1 2 1.4 1 6 
140 
120 
100 l !:2. 
.. 
eo :I 
'3 
... 
eo ~ 
1! 
40 J 
20 
0 
Rgure 4.28 : Tensile stress-strain relationship for a unidirectional, PPS matrix CFRP 
lamtnate. 
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Rgure 4.29 : Tens1le stress, versus, time relationship for a unidirectional C3 G4/, PPS 
matrix hybrid lam1nate 
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Rgure 4.30 : Tens1le stress, versus, t1me relationship for a unid1rect1onal 
GCGCGCGC, PPS matnx hybrid lammate 
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Figure 4 31 : Tensile stress, versus, time relationship for a umd1rectional G2 C3 G21, 
PPS matnx hybrid laminate. 
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Figure 4.32 : Tensile secant modulus of unidirectional, PPS matnx hybrids wrth CFRP 
or GRP surface layers, versus, the relative carbon fibre volume fractiOn. 
218 
~.--------------------------------------. 
1600 
400 
0 
....... ;....-..::-~ 
............... :..... _.,.. 
_........... ------
0 
...... ----A ~ • • • • • • • • • --~ .. ..._ • _.,.....- c 
... - ...- c 
-a"' 
--c- . 
..:-- ---. 
8 --- .. ..._ ___ 
. -. 
- ... ..._( 0+-----~-----+--------~--~----~----_.----~--------+-----~~~ 
0 0.1 02 03 07 os 09 1 
• Gouter c Couler - .. - theory - - theory ... - - - ROM 
Rgure 4 33 : Tensile failure stress of umdirectional, PPS matrix hybrids, versus, the 
relat1ve carbon f1bre volume fract1on. 
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Rgure 4.34 : Best fitting relat1onsh1p between the tens11e failure stress and the relative 
carbon f1bre volume fraction of unid1rect1onal, PPS matrix hybrids. 
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Rgure 4.35 : The tensile and compressive fa1lure stress , versus, the relative carbon 
f1bre volume fract1on for umd1rect1onal, PPS matrix hybnds having CFRP 
surface layers. 
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Rgure 4 36 : The tensile and compressive failure stress , versus, the relative carbon 
fibre volume fraction for umd1rectional, PPS matrix hybnds having GRP 
surface layers. 
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Rgure 4.37: Tensile failure stra1n of unidirectional, PPS matrix hybrids, versus, the 
relative carbon f1bre volume fraction. 
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Rgure 4.38 : Tensile failure strain enhancement of unidirectional, PPS matrix hybnds, 
wtth CFRP surface layers, as a functiOn of the total number of GRP layers 
1n the laminate. 
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Figure 4.39 : DSC scan of GRP thermoplastic matnx prepreg. 
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Figure 4.40 : DSC scan of an annealed sample of a GRP thermoplastic matrix 
moulding 
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Figure 4.41 Stress at failure- The effect of the stacking sequence 1n GRP 
bidirect10nallam1nates. 
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Figure 4 42 : Secant modulus -The effect of the stacking sequence 1n GRP 
bid1rectionallam1nates. 
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Rgure 4.43 : Stress at failure -The effect of the stacking sequence in CFRP 
b1d1rectionallam1nates. 
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Rgure 4.44 · Secant modulus -The effect of the stack1ng sequence in CFRP 
bldlrect1onallam1nates. 
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Rgure445: Stress at failure - The effect of exchang1ng the inner GRP transverse 
layers and outer CFRP longitudinal layers of a hybrid bidirectional 
laminate. 
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Rgure4.46: Secant modulus - The effect of exchang1ng the inner GAP transverse 
layers and outer CFRP longitudinal layers of a hybrid bidirectional 
lammate. 
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Rgure4 47: Stress at failure - The effect of exchanging the inner CFRP transverse 
layers and outer GRP longrtud1nallayers of a hybnd bidirectional 
lammate 
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Rgure 4 48 : Secant modulus - The effect of exchanging the 1nner CFRP transverse 
layers and outer GRP longrtud1nallayers of a hybrid bid1rect1onal 
lam1nate. 
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Rgure 4.49 : Stress at failure- The effect of replacmg the inner CFRP longitudinal 
layers wrth transversely onented layers 1n a hybrid bidirectional laminate. 
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Rgure 4.50 : Stress at failure- The effect of replacing the outer CFRP longitudinal 
layers with transversely onented layers 1n a hybnd bidirectional laminate. 
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Rgure 4 51 : Stress at fa1lure - The effect of replacing the inner GRP longitudinal layers 
w~h transversely oriented layers in a hybnd bidirectional laminate. 
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Rgure 4.52 : Stress at failure- The effect of replacing the outer GRP longitudinal layers 
wfth transversely onemed layers 1n a hybrid bidirectional laminate. 
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Rgure 4.53 : Stress at failure- The effect of replacing the outer GRP longitudinal 
layers wfth CFRP layers m a GRP bidirectional laminate. 
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Rgure 4.54 · Stress at failure - The effect of replacing the outer CFRP longitudinal 
layers w~h GRP layers 1n a CFRP bidirectional laminate 
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Rgure 4.57 : The failure index (NASTRAN) of the longttudtnal phes versus the applied 
stress. 
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Rgure 4 58 : Comparison of the measured failure stress of a 3G 1. 3GII/ bidirectional 
lamtnate wrth the theoretically obtained values. 
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Rgure 5 3 : Schematic presentation of f1bre miCro-buckhng lead1ng to kmk band 
formation. 
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Rgure 5.4 : Internal structure of an Individual carbon f1bre 
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Chapter 3 : Experimental procedures 
Plate 3.1 : The Celanese compression test fixture. 
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Plate 3.2 : The extensometer used during tensile testing. 
Chapter 4 : Results 
Plate 4.1 : Post-failure damage in a unidirectional, epoxy matrix hybrid laminate. 
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Plate 4.2 : Compressive failure of a GAP, epoxy matrix laminate across the thickness 
(x38). 
Plate 4.3 : The fracture surface of a compressive failure in a CFRP, epoxy matrix 
laminate (x 195). 
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Plate 4.4 : The fracture surface of a compressive failure in a CFRP, epoxy matrix 
laminate (x 195). 
Plate 4.5 : The kink band structure spreading from the outer CFRP layers , into the 
inner GRP layers in a C3 G5/ unidirectional, epoxy matrix hybrid (x155). 
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Plate 4.6 : Optical micrograph of the kink band structure in the CFRP layers of a 
C3 GS/ unidirectional, epoxy matrix hybrid laminate shown in Plate 4.5 
(x45). 
Plate 4.7 : Optical micrograph of the kink band structure in the GAP layers of a C3 G4/ 
unidirectional, epoxy matrix laminate (x50). 
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Plate 4.8 : Fibre bending at the kink band boundary of a GRP, PPS matrix laminate 
(x165). 
Plate 4.9 : SEM micrograph of the fracture surface of a CFRP, PPS matrix laminate 
(x21 0). 
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Plate 4.10 : SEM micrograph of a G2 CS/ unidirectional, PPS matrix laminate (x45). 
Plate 4.11 : Kink band structure in the glass layer of a G4 C3/ , PPS matrix laminate 
(x50). 
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Plate 4.12 : Fibre distribution in a GRP, PPS matrix laminate (x172). 
Plate 4.13 : The fracture surface of a CFRP transverse PPS matrix laminate tested in 
tension (x1950). 
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Plate 4.14 : The fracture surface of a GRP transverse PPS matrix laminate tested in 
tension (x780) . 
Plate 4.15 : SEM micrograph of micro-cracking in an untested GRP bidirectional, PPS 
matrix laminate (x52) . 
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Plate 4.16 : SEM micrograph of micro-cracking in an untested GR P bidirectional, PPS 
matrix laminate (x850) . 
Plate 4.17 : SEM micrograph of the fracture surface of a C411 G3JJ, PPS matrix 
laminate tested in compression (x28). 
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Plate 4.18 : SEM micrograph of the fracture surface o f a G4..l C3ll/. PPS matrix 
laminate tested in compression (x90). 
Plate 4.19 : The fracture surface of the transverse glass fibres in a G3..l C411/, PPS 
matrix laminate tested in compression (x640). 
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APPENDICES 
APPENDIX A 
predicting the fibre volume fraction of hybrid composites 
In unidirectional hybnds contam1ng e1ther a thermosetting or a thermoplastiC 
matrix the failure stress and secant modulus follow the rule of mixtures relationship as 
discussed in section 5 2 Th1s 1mplies that the compress1ve properties of thermosetting 
matrix composnes can be predicted from the compressive properties of the monof1bre 
composnes and the relative carbon f1bre content, $J$1, according to Equation 2.34. 
Hence, the Young's modulus and the volume fraction of the monofibre materials (GRP 
and CFRP lam1nate) have to be obtamed expenmentally. 
Determination of the glass and carbon fibre volume fract1ons 1s time consuming 
and also there IS a need for analyt1callaboratory fac11it1es (furnace, vacuum pump, oven, 
oxidis1ng agents etc ) When analytical fac11it1es are not available there are two 
alternatives : 
• The f1bre content in the laminate can be obtained from the f1bre we~ght per unn 
area in the prepreg and the f1bre densrty, as g1ven by the supplier and the 
average laminate thickness as determined from the moulding. The f1bre 
volume fract1on can then be calculated as follows: 
w" 
«J>r =(moulded ply Pr 
Where !moulded ply 
w" 
Pr 
$, 
Thickness of a moulded ply 
: Prepreg f1bre weight per unn area 
. Fibre densrty 
: Fibre volume fraction 
Assuming no vo1ds, the matrix volume fraction IS then calculated as· 
$m =1-$r 
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• In the second method a calibrat1on curve has to be established by plotting the 
denSity versus the f1bre volume fract1on To draw the calibration lines the fibre 
volume fraction and denSity of the monof1bre composite matenals are needed. 
The cahbrat1on graph consists of two straight lines 1n the case of hybrid 
composites. The stra1ght hne wllh a positive slope gives the glass fibre volume 
fractiOn relationship (Line B) of the hybnd composlle and the line with the 
negative slope gives the relationship to obtain the carbon f1bre volume fraction 
(Line A). Knowing the average density of the lammate, the irllercepts with the 
GAP and CFAP hnes g1ve the corresponding carbon and glass f1bre volume 
fract1ons of the hybnd lam1nate 
pcfrp 
Pmeasured l----:;::,....,.. _____ ....,~ 
0 1 
Where Phybnd The average hybrid lam1nate dens1ty (measured) 
Pc~ro .The average CFAP laminate density (measured) 
Pgrp :The average GAP laminate density (measured) 
q,9 The glass f1bre volume fract1on of a GAP laminate 
4>0 The carbon f1bre volume fraction of a CFAP laminate 
q,• 9 : The glass f1bre volume fraction of a hybrid laminate 
q,• c : The carbon f1bre volume fraction of a hybrid lammate 
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The only requ1rements needed to establish these calibratiOn lines are the f1bre 
volume fract1ons and densrt1es of the monof1bre compos1tes. The volume fract1ons and 
dens~ies of the monoflbre compos~es are often stated 1n the manufacturer's literature or 
can be determined experimentally The average laminate plate dens1ty for the hybrids is 
determ1ned by the Archemedian method which is a qu1ck and easy to perform laboratory 
test as descnbed in Sect1on 3.2.4.6 The f1bre volume fract1on of any hybrid laminate 
may then be obta1ned from the dens1ty of the laminate This was venfied by the 
analytiCal measurements of f1bre volume fractions. The measured void corrterrt was 
insignificant and therefore the assumption of negllg1ble vo1d content was rustified. 
Th1s method is particularly useful when the process to establish the f1bre corrterrt 
is elaborate as IS the case for carbon f1bre conterrt determination by !he n~tric acid 
digestion method In such cases, determ1n1ng the f1bre volume fract1on of one sample 
can take several hours. 
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APPENDIX 8 
Determination of the error bar 
To determ1ne the error bars of the measured, average mechanical properties (secant 
modulus, failure stress and strain) a student-! distribution was used. The 90% 
confidence llmrts were taken as the error bars of the measured property. 
• The standard deviation is calculated as · 
~ Standard Deviation = V~
• The standard error IS calculated as · 
S.E standard devrallon 
.- .r,. 
• The 90% confidence limits of the mean . 
X ± (lvoos X S.E.) 
Where n : Number of obser vat1ons 
X : Obser vat1on 
X :Mean 
SE.: Standard Error 
v : Degrees offreedom (n-1) 
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APPENDIX C 
Statistical analysis of the hybrid effect for unidirectional hybrid 
composites 
• The hypothesis to be tested, is the null hypothesis (H0), i e. there is no hybrid effect 
The alternative hypothesis (H 1), i e. there is a posrtiVe hybrid effect observed and 
can be summansed as : 
Ho : Ecfrp = £~a1bn4 
HI : Ecf'P ( Ehybnd 
• The confidence Intervals at 90%, 95% and 99% corresponding to a sigmf1cance level 
(a) for a one sided test of 0 1, 0 05 and 0 01 were determ1ned. The acceptance 
interval (A) can then be wntten as : 
A : [ -- ; lv.al 
From the student·! distribution tables, tv,a can be determined 
• The test statiStiC can then be calculated as follows · 
I = 
• 
xcf"' - x.,.nd 
I I 
s+ --+-
nhybntt ncfrp 
• The vanance (s) is est1mated as : 
s1 (ncf'P -I )s~1.,. +(nhybnd -l)s~, • .., 
V 
Where n Number of observations 
X Mean 
v : Degrees of freedom (n -1) 
e : Fa1lure Stra1n 
• The null hypothesiS 1s rejected (or an a~ernative hypothesiS IS true), i e. a pos~ive 
hybrid effect is acceptable if : 
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• The three tables below 1nd1cate the statistical resuHs consem1ng the pos1tive hybnd 
effect of thermoplastic and thermoset matnx compos1tes. 
The statistical resuHs for a posit1ve hybrid effect for the compressive failure strain of 
thermoset matrix composites · 
Confidence Interval 
Hybrid ConfiguratiOn 
u 
C7G1/ 
C5G3/ 
C3G51 
G5C3/ 
G3 CS/ 
G1 C7// 
GCGCGCGC/ 
CGCGCGCG/ 
90% 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
95% 99% 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
No No 
Yes Yes 
Yes Yes 
" The statistical resuHs for a positive hybrid effect for the compress1ve failure strain of 
thermoplastiC matrix composrtes : 
Confidence Interval 
Hybnd Conf1gurat1on 
u 
C5G21 
C4G3/ 
C3G4/ 
C2G51 
G2C51 
G3C4/ 
G4C3/ 
G5C21 
G2C3G21 
GCGCGCGC/ 
90% 
No 
No 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
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95% 99% 
No No 
No No 
No No 
Yes Yes 
Yes Yes 
Yes No 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
The statistical resutts for a poSitwe hybrid effect for the tensile failure strain of 
thermoplastiC matrix composrtes . 
Confidence Interval 90% 95% 99% 
=> 
Hybrid Configuration 
u 
C5G21 No No No 
C4 G3/ No No No 
C3 G4/ No No No 
C2G51 No No No 
G2C51 No No No 
G3C4/ No No No 
G4C3/ Yes Yes Yes 
G5C21 Yes Yes Yes 
G2 C3G21 Yes Yes No 
GCGCGCGC/ Yes Yes No 
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APPENDIX D 
Determination ofthe modulus-strain relationship 
The force-stra1n relationship is logged wrth a data-monotonng program at a specdied 
sampling rate. The stress-strain relat1onsh1p IS calculated and the secant modulus at 
every datapoirrt IS calculated Cons1der a stress-stra1n relationship as presented in the 
graph below where f1ve datapo1nts (•-2. •-I, 1 , i+l, i+2) have been logged. The secarrt 
modulus for each logged datapoirrt can then be calculated as : 
E =!!J... 
' E, 
Where E1 · Secant modulus at datapo1nt (1) 
O'j :The stress at datapo1nt (•) 
Ej :The stram at datapo1rrt (•) 
Stress 
cr1 ~ - - - - - • • , • 
• .. I 1 
... : . ~ 
. ·. :·.· .... 
.. 
. . .. 
, . "·· 
....... 
·.- . 
.-
Modul<is 
252 
Strm 
Strm 

